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ABSTRACT  
 
 
Bacterial exopolysaccharides (EPS) are known to protect microbial cells from a 
hostile environment, often by forming biofilms. Moreover, pathogens which produce 
EPS as a defence against the human immune system were demonstrated to be more 
resistant to host defence mechanisms both in vivo and in vitro. Therefore, the 
knowledge of EPS structures is a prerequisite to understand their role in bacterial 
infections. In the Bacterial Polysaccharide Laboratory the research is focussed on 
bacteria involved in lung infections in cystic fibrosis (CF) patients, in particular on 
species belonging to the Burkholderia cepacia complex (Bcc) and on 
Stenotrophomonas maltophilia. This project focuses on the structure-function 
relationship of bacterial EPS involved in infections, by studying their primary 
structure and correlating it with functional properties. The research described in this 
thesis regards three main lines: 
1) The definition of the primary structure of the EPS produced by one strain of 
Burkholderia vietnamiensis and two clinical strains of Stenotrophomonas maltophilia; 
2) The scavenging effect of cepacian, the main EPS produced by the Bcc, towards 
reactive oxygen species (ROS); 
3) The preliminary investigation of the role of EPS from the Bcc in the formation 
of biofilms. 
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1.1 Bacterial exopolysaccharides  
 
Polysaccharides are widespread biopolymers commonly produced by animals, 
plants and many microorganisms. Polysaccharides can have a structural (like 
cellulose) or a storage function (like glycogen), but they also play different roles in 
bacterial survival capacity. Bacterial polysaccharides occur in two basic forms: 
1. Capsular polysaccharide (CPS, K-antigens), when the polysaccharide surrounds 
the cell surface; 
2. Extracellular or exopolysaccharide (EPS), when polysaccharides are loosely 
bound to the cell surface or released in the surrounding environment. 
Polysaccharides’ primary structures are usually the repetition of a specific 
saccharidic sequence, called repeating unit (RU). The RU can be a single sugar (as in 
cellulose), but also a complex oligosaccharide. In addition possible non saccharidic 
substituents, for example pyruvate, acetyl, sulphate or phosphate groups may be 
present.   
The precise role of the EPS depends on the natural environment of the 
microorganism. Most of the functions ascribed to EPS are of a protective nature. The 
ability of a microorganism to surround itself with a highly hydrated EPS layer may 
provide it with protection against desiccation and predation by protozoans. Also, the 
presence of a gelling polysaccharide layer around the cell may have huge effects on 
the diffusion properties, both into and out of the cell (Dudman, 1977). For instance, 
cells buried within a polymer matrix would be barely inaccessible to antibiotics. 
Anionic EPS may also bind and affect the penetration of metal ions through the cell 
surface. Similarly the negative charges can create a barrier for positively charged 
antimicrobial peptides (Herasimenka et al., 2005). 
 
1.1.1 Role of exopolysaccharides during infection 
 
The production of EPS is very important for pathogenic bacteria. For example EPS 
surrounding the bacteria enables evasion from phagocytosis by hiding the specific 
components that normally activate the innate immune system (Taylor & Roberts, 
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2005). As already said, anionic EPSs can bind antimicrobial peptides, which are small 
peptides part of the innate immune response. The target of these positively charged 
peptides is the negative charged membrane of the bacteria, disrupting it and causing 
the lysis of the cell. 
EPSs play a principal role in the formation of cell aggregates and initiation of 
flocculation. Similarly they are the main component of bacterial biofilms. 
Finally it has been observed that some EPSs, like alginate produced by 
Pseudomonas aeruginosa, have the capability to scavenge reactive oxygen species 
(ROS), granting a protective effect to phagocyted bacteria in neutrophil’s 
phagolysosomes. 
 
1.2 Cystic fibrosis 
 
Cystic fibrosis (CF) is an autosomal recessive hereditary disorder characterized by 
elevated concentrations of chloride in sweat, abnormal epithelial chloride or 
bicarbonate transport, pancreatic insufficiency, recurrent lung infection and chronic 
bronchiectasis, and ultimately death from respiratory failure. CF occurs the most in 
the European origin population, approximately one in 2,500 live births, i.e. one out of 
25 individuals is a carrier of this disease. However, this frequency varies according to 
geographic and ethnic origin of the patients. According to data from the American 
Cystic Fibrosis Foundation about 70,000 individuals among children and adults are 
actually affected worldwide. 
People with CF can have a variety of symptoms, including: 
 very salty-tasting skin; 
 persistent coughing, at times with phlegm; 
 frequent lung infections; 
 wheezing or shortness of breath; 
 poor growth/weight gain in spite of a good appetite; 
 frequent greasy, bulky stools or difficulty in bowel movements. 
These symptoms are the result of mutations in the CF transmembrane conductance 
regulator (CFTR) gene, which was first identified in 1989 (Kerem et al. 1989; 
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Riordan et al. 1989; Rommens et al. 1989). This gene encodes for the CFTR protein, 
which is composed of 1480 amino acids and is basically a Cl- channel. Since this 
sentinel discovery, CF has benefited from an explosion in medical research. Among 
the many discoveries over that period, investigators have unravelled more precisely 
how specific CFTR gene mutations create varying intracellular consequences.  
 
1.2.1 Genetic origins 
 
CFTR gene, which is responsible for this disorder, encodes an mRNA of 6.5 kb. 
The most frequent mutation is a deletion of three nucleotides resulting in the lack of 
phenylalanine at position 508 (F508) and is responsible for 70% of CF alleles. 
A great heterogeneity in the spread of CF exists, there is a north-west/south-east 
gradient, for example 88% of F508 cases found in Denmark and 50% in Italy. To 
explain the spread of this mutation in European population, the hypothesis of a 
selective advantage of heterozygotes was proposed. For example, the heterozygotes 
would be protected against dehydration due to diarrhea caused by enterotoxins of 
bacteria. The F508 protein, associated with a decreased expression of CFTR to the 
epithelial surfaces, decreases the entry of pathogen into the intestinal epithelium thus 
providing a protection against this infection. 
Since the discovery of CFTR gene more than 1200 mutations have been described, 
out of which only 4 (excluding F508) represent more than 2%. The frequency of 
certain mutations can vary among different geographic groups (e.g, W1282X makes 
48% of CF alleles among the Ashkenazi Jews and only 2% of the total CF alleles). 
The protein sequence of the CFTR consists of two repeated motifs each composed 
of a hydrophilic membrane-spanning domain containing six helices and an important 
hydrophilic region for ATP binding. These two motifs are linked by a cytoplasmic (R 
domain) encoded by exon 13, containing a number of charged residues and the 
majority of the phosphorylation sites (figure 1.1). Homologies exist between the 
primary structure of CFTR protein and members of membrane protein families, the 
family of ABC transporters (ATP-binding cassette), which are responsible for the 
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active transport of substrates across the cell membrane, where ATP hydrolysis serves 
as the source of energy. 
 
 
Fig. 1.1 – proposed structure for CFTR protein (Riordan et al. 1989) 
 
The early hypotheses regarding the function of CFTR protein revolved around two 
possibilities. The first postulated that the CFTR protein is a Cl- channel. This 
hypothesis was compatible with the defect in permeability of Cl- ions at the CF 
epithelial apical membranes. The other proposed that the CFTR protein is not an ionic 
channel but it plays a role in the regulation of Cl- channel either by associating with 
them, or by transporting a regulatory factor for Cl- channels in or out of the cell. The 
first hypothesis came out to be the right one. Besides being a channel regulator, it also 
plays a role in transport of ATP, modifying the phenomenon of 
exocytosis/endocytosis, and regulation of pH in intracellular organelles (Fanen & 
Hasnain, 2001). 
 
1.2.2 Clinical profile 
 
The clinical presentation of CF varies among individuals from different families as 
well as between individuals belonging to the same family. In the majority of cases the 
disease is diagnosed before adolescence, but some remain asymptomatic till the adult 
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age. Clinically and biologically, it is not possible to distinguish the heterozygotes 
from the individuals not carrying CF mutation. 
The clinical presentation varies with age. In 10% of the affected newborns, it 
presents as meconium ileus (intestinal obstruction due to abnormally thick 
meconium). Later the symptomatology involves two major organ systems, respiratory 
and digestive, manifesting as repetitive respiratory infections and signs of 
malabsorption. The respiratory involvement predominates. It is related to an 
obstruction of bronchioles by thick and viscous mucous favouring the growth of 
microorganisms. This explains the repeated respiratory infections by the opportunistic 
bacteria. The digestive involvement with exocrine pancreatic insufficiency (defect in 
the production of enzymes) is seen in 85% of the patients. The state of exocrine 
pancreas  serves as a marker of the gravity of the phenotype (Kerem, 1990). 
The abnormality in the sweat glands causes an excess of sodium chloride secreted 
in the sweat and the diagnosis of CF depends on the sweat chloride test. Even today it 
is considered to be the most reliable test for CF.  
 
If not treated, the median survival rate is 3 to 5 years. There is no effective 
treatment of CF, but the timely diagnosis and symptomatic treatment has made it 
possible to increase the mean survival to 30 years.  
 
1.3 Neutrophils 
 
Neutrophils are the most common type of white blood cell, comprising about 50-
70% of all white blood cells. These cells are part of the immune system, and are 
involved in several different types of immune reaction. Neutrophils are granulocytes, 
a category of white blood cells characterized by the presence of granules in their 
cytoplasm. Granulocytes, also called polymorphonuclear leukocytes because of the 
varying shapes of the nucleus, which is usually lobed into three segments, are 
classified in three categories: neutrophils, basophils, and eosinophils. All three types 
of granulocyte develop and differentiate in the marrow of long bones such as the 
femur. Neutrophils are phagocytes, meaning that they can ingest other cells, though 
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they do not survive the act. They are the first immune cells to arrive at a site of 
infection, through a process known as chemotaxis. 
Though neutrophils are short lived, with a half-life of four to ten hours when not 
activated and immediate death upon ingesting a pathogen, they are plentiful and 
responsible for the bulk of an immune response. Neutrophils are present in the 
bloodstream until signaled to a site of infection by chemical cues in the body. They 
are fast acting, arriving at the site of infection within an hour. 
 
1.3.1 Phagocytosis 
 
Phagocytosis is a nonspecific defense mechanism in which various phagocytes 
engulf and destroy other microorganisms. The process of phagocytosis begins with 
attachment and ingestion of microbial particles into a phagosome. This is a 
membrane-bound vesicle formed in a cell by an inward folding of the cell membrane 
to hold foreign matter. The recognition of the target and the consequent attachment is 
done by specific receptors on the neutrophil’s membrane, for example receptors for 
mannans present in the yeast cell wall, formylated peptides present in bacteria, and 
lipopolysaccharides and lipoteichoic acids present on the surface of Gram negative 
and Gram positive bacteria. Once inside the neutrophil, the phagosome containing the 
microorganism merges with a lysosome, which contributes enzymes. The fusion of 
phagosome and lysosome results in a phagolysosome. Microorganisms are destroyed 
within minutes through two different processes: enzymatic digestion and oxygen 
burst. 
 
1.3.2 Digestion 
 
Two different processes have been described for the digestion of the phagocyted 
microorganism. The first one is an enzymatic digestion. In the cytosol of the 
neutrophil there are many granules, divided in three categories: specific, azurophilic 
and tertiary granules. These granules merge with the phagolysosome and several 
enzymes are released inside the vacuole. Specific granules provide lactoferrins and 
cathelicidins; azurophilic granules provide myeloperoxidase, bactericidal or 
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permeability increasing protein, defensins and serine proteases, while tertiary granules 
provide cathepsin and gelatinase. 
The second process is the so called oxidative burst, that means the in situ 
production of ROS. A NADPH oxidase complex located on the phagolysosome 
membrane reduces O2 to superoxyde radical anion and then to H2O2. Then a 
myeloperoxidase  further combines H2O2 with Cl- to produce hypochlorite, which 
plays a main role in destroying bacteria (figure 1.2). It has been calculated that the 
concentration of ClO- anion in the phagolysosome during digestion is about 100 mM 
(Painter & Wang, 2006). 
 
 
Fig. 1.2 – Neutrophil graphic representation 
 
1.4 Biofilm 
 
Biofilms are complex polymeric systems associated to a surface where bacterial 
colonies live in a hydrophilic macromolecular network which functions as a defence 
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structure and maintains the proper physico-chemical conditions for bacterial life 
(Wingender et al. 2001). 
The advantage gained by the bacteria in living attached to a surface are thought to 
include high concentration of nutrients close to a surface, promotion of genetic 
exchange and, for a pathogen, increased protection against the host’s immune system. 
In certain industrial situations, bacterial cell attachment to metallic surfaces may 
result in biocorrosion, leading to damage of pipelines and other important metallic 
surfaces. 
During the first stage, molecules present in the bulk flow, both organic and 
inorganic are carried toward the surface. This accumulation of molecules at the solid-
liquid interface on surfaces found in many food industries is commonly called a 
conditioning film and it is responsible for a higher concentration of nutrients at the 
surface compared with the liquid phase (Kumar & Anand, 1998). The adsorption of 
organic molecules such as proteins to surfaces could play an important role in 
bacterial attachment, as this conditioning of the surface may alter the physical-
chemical properties of the surface. Factors affected can include surface free energy, 
hydrophobicity and electrostatic charges (Dickson & Koohmarare, 1989). The crucial 
step in the attachment process is the adhesion onto the surface by the production of 
EPS and/or specific ligands, such as pili or fimbriae (Dunne, 2002). Then biofilms 
develop in a multicellular cycle that is initiated by the attachment of free (planktonic) 
cells to the surface, followed by formation of microcolonies, and finally seeding 
dispersal, whereby swimming cells from microcolonies exit to occupy a new surface 
(Stoodley et al. 2002) (figure 1.3). 
The matrix creates the local cellular environment and acts as a selective barrier 
between the cells and the external environment. Depending on its composition, it is 
capable of: sorbing organic molecules and metal ions (Chen & Strevett, 2001; Reddad 
et al. 2002), increasing water retention (Chenu, 1993) and enzymatically altering 
substrates (Huston et al. 2000; Romani & Sabater, 2000; Kearns et al. 2002). The 
quantity and qualities of the matrix polymers change the local environment, which in 
turn affects cell physiology, including nutrient uptake, cell-cell signalling and protein 
expression. Usually the uptake of nutrients is granted for bacteria living in the lower 
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layers by the particular structure of mature biofilm. It has been seen with confocal 
scanning laser microscopy (CSLM) that biofilm is composed of pillars and 
“mushroom-like” matrix structures separated by medium-filled channels. 
 
 
Fig. 1.3 – biofilm build up steps (image from http://biotuesdays.com/2010/10/19/innovotech-
targets-personalized-medicine-for-bacteria/) 
 
1.4.1 Biofilm growth conditions 
 
There are many experimental conditions that permit biofilm formation. As a 
consequence of their ease of manipulation, and in an effort to maximize 
reproducibility from laboratory to laboratory, four general systems have been 
routinely used by different investigators (Brenda et al. 2005).  
Submerged biofilm, flow cells: flow cells are usually glass or polystyrene cells in 
which liquid medium and bacteria are flown. Bacteria can adhere to the walls of the 
cell and build up a biofilm structure. For the study of submerged biofilms the flow 
cell has been and continues to be the gold standard (Christensen et al. 1999). Biofilms 
grown in flow cells are easy to observe through CSLM. The first images of the pillars 
and mushroom-like structures were achieved from flow cell grown biofilms.  
Submerged biofim, no flow: submerged biofilms also have been studied in batch 
culture under conditions of no flow, mainly because of the rapidity with which large 
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numbers of these samples can be grossly analyzed in microtiter dishes (O’Toole & 
Kolter, 1998). This experimental system has been exploited to carry out high-
throughput screens to identify genes that are involved in biofilm formation and 
maintenance. 
Floating biofilm: floating biofilms, or pellicles, that form at the liquid–air 
interface of standing cultures represent yet another type of biofilm (Branda et al. 
2001; Friedman & Kolter, 2004). The lack of a solid surface for the initial adhesion 
and growth requires certain qualities to the bacteria, like the presence of pilii, and the 
lack of rapid fluid flow at the air-exposed surface enables the formation of more 
complex structures.  
Biofilm on solid medium: the bacterial colonies growing on the surface of agar-
solidified media, for decades the workhorses of the bacterial geneticist, are now 
recognized as the most practical systems for the study of biofilms. Usually the 
bacteria are not cultured directly on the medium surface: instead a semipermeable 
membrane is interposed between bacteria and medium. Colonies can vary widely in 
morphology, and there is a clear correlation between highly structured morphologies 
and the ability of a cell to produce an extracellular matrix. Electron micrographs of 
structured colonies show that they are composed of cells surrounded by an 
extracellular matrix (Friedman & Kolter, 2004; Yildiz & Schoolnik, 1999). Mutants 
defective in the production of extracellular matrix are still able to form colonies, but 
these tend to be smooth and flat. 
 
To date, no single experimental approach has adequately fulfilled all the needs of 
the biofilm investigator; rather, each method has complemented the others, and the 
accumulated knowledge gained from their combined application has provided new 
insights into the nature of biofilms. 
 
1.4.2 Biofilm matrix composition 
 
Bacteria in biofilms live embedded in a polymeric matrix. The exact composition 
of this matrix is highly variable and dynamic (Sutherland, 2001), changing in 
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response to a number of growth conditions including bacterial species and strains, 
nutrient composition, sufficiency of oxygen, carbon and nitrogen sources, medium 
osmolarity, pH and biofilm age. In this paragraph, the macromolecular components 
will be described since they are relevant for the thesis. The main components of the 
matrix are carbohydrates (Sutherland, 2001) and proteins (Jahn et al. 1999), but also 
extracellular DNA (eDNA) (Whitchurch et al. 2002), lipids (Goutx et al. 1990) and 
humic substances (Jahn and Nielsen, 1995) have been detected. A more detailed 
explanation of the role of each of these components is reported hereafter. 
Carbohydrates: the properties of EPSs have already been mentioned (see 
paragraph 1.1), but in biofilm it is known that they also constitute the main structure 
of the matrix. Several polysaccharides have been visualized by electron microscopy 
as fine strands that are attached to the cell surface and form complex networks. 
Microscopic techniques in combination with specific carbohydrate staining using 
fluorescently labelled lectins or antibodies, as well as biochemical analyses for 
independent verification, have demonstrated the ubiquity of matrix polysaccharides 
(Flemming & Wingender, 2010). 
Proteins: various extracellular enzymes have been detected in biofilms, many of 
which are involved in the degradation of biopolymers. The substrates of these 
extracellular enzymes include water-soluble polymers (such as many polysaccharides, 
proteins and nucleic acids) and water-insoluble compounds (such as cellulose, chitin 
and lipids), as well as organic particles that are trapped in biofilms (Wingender et al. 
1999). The presence of enzymes that degrade EPS components makes the matrix an 
external digestive system that breaks down biopolymers to low-molecular-mass 
products that can then be taken up and utilized as carbon and energy sources. In 
addition, some enzymes can be involved in the degradation of structural EPS to 
promote the detachment of bacteria from biofilms. Other enzymes act as virulence 
factors in medical biofilms during infectious processes.  
The non-enzymatic proteins in the matrix, such as the cell surface-associated and 
extracellular carbohydrate-binding proteins (lectins), are involved in the formation 
and stabilization of the polysaccharide matrix network and constitute a link between 
the bacterial surface and extracellular EPS. Another group of extracellular proteins 
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are biofilm-associated surface protein (bap) from S. aureus and the bap-like proteins. 
These are high-molecular-mass proteins on the bacterial cell surface that promote 
biofilm formation in several bacterial species (Lasa & Penadés, 2006).  
Finally, proteinaceous appendages such as pilii, fimbriae and flagella can also act 
as structural elements by interacting with other EPS components of the biofilm 
matrix. For example, type IV pilii of P. aeruginosa bind DNA (Van Schaik et al. 
2005) and so possibly act as cross-linking structures. 
eDNA: Although eDNA was initially seen as residual material from lysed cells, it 
has become increasingly clear that it is in fact an integral part of the matrix and of the 
biofilm mode of life (Molin & Tolker-Nielsen, 2003). eDNA is also a major matrix 
component in P. aeruginosa biofilms, in which it acts as an intercellular connector 
(Yang et al. 2007). In addition, DNAse inhibits the formation of biofilms in P. 
aeruginosa (Whitchurch et al. 2002), and Bacillus cereus uses DNA as an adhesion 
(Vilain et al. 2009).  
Surfactants and lipids: lipids are also found in the matrix (Conrad et al. 2003). 
Other surface-active EPS’s include surfactin, viscosin and emulsan, which can 
disperse hydrophobic substances and make them bioavailable. Interestingly, 
rhamnolipids, which can act as surfactants, have been found in the EPS matrix of P. 
aeruginosa (Davey et al. 2003). They display surface activity and have been proposed 
to act in initial microcolony formation, facilitating surface-associated bacterial 
migration and the formation of mushroom-shaped structures, preventing colonization 
of channels, and playing a part in biofilm dispersion (Boles et al. 2004; Pamp et al. 
2007). 
A theme that emerges with regard to carbohydrate-rich components of the 
extracellular matrix is that individual strains are often able to produce several 
different extracellular polysaccharides. For example, for many years alginate was 
generally believed to be the major constituent of the extracellular matrix in P. 
aeruginosa biofilms. However, biofilms formed by non-mucoid strains appear to 
contain little if any alginate (Wozniak et al. 2003). Furthermore, when genes required 
for alginate biosynthesis (e.g. algD) were disrupted in non-mucoid strains there was 
no detectable change in the structure of biofilms formed in flow cells or in colony 
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morphology (Friedman & Kolter, 2004; Wozniak et al. 2003). Actually, recent 
genetic and biochemical analyses have revealed two distinct carbohydrate-rich 
polymers that make significant contributions to P. aeruginosa biofilm structure. 
These are PEL, a glucose-rich polymer, and PSL, a mannose-rich polymer.  
In the Bacterial Polysaccharide Laboratory the research has been focussed on the 
role of EPS in the biofilm matrix of several bacterial strain. In particular strains 
belonging to the Burkholderia cepacia complex (Bcc) (see paragraph 1.5) were 
chosen, which have been already studied in non-biofilm growth conditions. 
  
1.5 Burkholderia cepacia complex 
 
Members of the Burkholderia cepacia complex are gram-negative bacteria of the 
ߚ-proteobacteria subdivision and include plant, animal, and human pathogens, with a 
widespread distribution in natural and man-made habitats (Mahenthiralingam et al. 
2005). In the last 30 years, several epidemiological, taxonomic, and molecular 
biology studies of Bcc strains have been carried out by research groups worldwide, 
mainly due to the ability of these strains to cause chronic infections among CF 
patients. Bcc bacteria are also important pathogens in other compromised patients, as 
is the case of patients suffering from chronic granulomatous disease (CGD) 
(Johnston, 2001). 
The Bcc comprises at least seventeen distinct species, genetically distinct but 
phenotypically similar (Vanlaere et al. 2008; Vanlaere et al. 2009). Strains from all 
the Bcc species have been isolated from CF patients and from the environment. 
However, their frequency of isolation is uneven (Mahenthiralingam et al. 2008). 
While the majority of the isolates obtained from CF patients belong to the species B. 
cenocepacia and B. multivorans, the majority of the environmental isolates belong to 
the species B. cepacia, B. ambifaria, B. cenocepacia, and B. pyrrocinia (Chiarini et 
al. 2006). 
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1.5.1 Burkholderia cepacia complex infections in cystic fibrosis 
 
Chronic pulmonary infections, although caused by a limited number of bacterial 
species (e.g. Pseudomonas aeruginosa, Bcc, Staphylococcus aureus, Haemophilus 
influenzae, and Stenotrophomonas maltophilia), remain the leading cause of death of 
CF patients (Ratjen & Döring, 2003). The large majority of respiratory infections 
among CF patients are due to P. aeruginosa strains (Lyczak et al. 2002). Compared to 
this major pathogen, Bcc strains infect a relatively small fraction of CF patients. 
However, Bcc infections are particularly feared by CF patients and their caregivers 
since the clinical outcome is highly variable and unpredictable, ranging from 
asymptomatic carriage to the “cepacia syndrome” (Mahenthiralingam et al. 2005).  
Bcc bacteria emerged as important CF pathogens during the 1980s, when some 
infected patients exhibited a rapid clinical deterioration due to necrotizing pneumonia 
and sepsis, resulting in early death (Isles et al. 1984). This fatal decline in the 
patient’s clinical condition became known as the “cepacia syndrome” and was not 
observed for patients infected with any of the other CF pathogens. In the vast majority 
of CF patients, pulmonary colonization with Bcc is associated with a worst prognosis, 
including an accelerated decline of the patients’ clinical status and an increased risk of 
death (Lyczak et al. 2002). 
Several strains of the species B. multivorans, B. cenocepacia, B. cepacia, and B. 
dolosa have been shown to be highly transmissible among CF patients through social 
contact (LiPuma et al. 1990; Biddick et al. 2003). Due to the easy transmission of 
highly virulent strains among CF patients, segregation measures of Bcc-infected 
patients have been successfully implemented and led to the reduction of the 
transmission of Bcc strains (Festini et al. 2006). The prevalence of Bcc species varies 
geographically, being B. cenocepacia the most predominant species in CF centers in 
North America, while B. multivorans is the most common species in European CF 
centers (Govan et al. 2007).  
Bcc outbreaks among non-CF populations, mainly due to strains of the species B. 
cenocepacia, B. cepacia, and B. multivorans are well documented (Reik et al. 2005). 
In hospital settings, these pathogens have been recovered from tap and distilled water, 
  
SDBM - School of 
Molecular Biomedicine 
 
 
17 
 
dialysis machines, nebulisers, catheters, blood gas analysers, thermometers, ventilator 
temperature sensors, solutions, and intravenous fluids (Marioni et al. 2006). 
One of the major problems associated with Bcc infection is their intrinsic 
resistance to most of the clinically available antimicrobials, including 
aminoglycosides, quinolones, polymyxins, and ߚ-lactams (Leitão et al. 2008). The 
multiresistance of Bcc bacteria appears to result from various efflux pumps that 
efficiently remove antibiotics from the cell, decreased contact of antibiotics with the 
bacterial cell surface due to their ability to form biofilms, and changes in the cell 
envelope that reduce the permeability of the membrane to the antibiotic (George et al. 
2009). Bcc bacteria are also resistant to neutrophil-mediated non-oxidative killing and 
to the antimicrobial peptides produced by airway epithelial cells, including lysozyme, 
lactoferrin, and phospholipase A2 (Baird et al. 1999). Therefore, CF patients 
chronically infected with Bcc are difficult to treat and, although current treatment 
strategies use double or triple antibiotic combinations to achieve bactericidal activity, 
they rarely result in the eradication of the pathogen, particularly in the case of chronic 
infection. (Sousa et al. 2010) 
 
1.5.2 Exopolysacharides produced by Burkholderia cepacia complex bacteria 
 
Many clinical and environmental isolates of Bcc bacteria were tested for EPS 
production in planktonic growth conditions in the Bacterial Polysaccharide 
Laboratory. Produced EPS (or EPSs) for each strain were characterized. This 
investigation revealed that about 95% of the strains examined produce mainly one 
type of EPS; this polysaccharide was named cepacian (Cescutti et al. 2000). Its 
structural characteristics confer conformational rigidity to the polymer (Herasimenka 
et al. 2008). At the same time, it was shown that some clinical and environmental 
strains produce also other EPSs. A short description of the structure of these Bcc 
produced EPS is hereafter reported (see also figure 1.4). 
Cepacian: the repeating unit of cepacian is an heptasaccharide composed by 
rhamnose (Rha), glucose (Glc), mannose (Man), glucuronic acid (GlcA) and three 
galactose (Gal) units. It is highly branched, having only three sugars in the backbone. 
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This quality, beside the presence of a negative charge every three sugars in the 
backbone, confers the mentioned conformational rigidity. The exhaustive substitution 
of the glucuronic acid is very unusual among bacterial polysaccharides. In addition 
there are up to three acetyl substituents per RU randomly distributed among several 
sites of acetylation (Cescutti et al. 2011). 
Gal-Kdo: a second known EPS produced by several Bcc strains contains three 
galactose units and a 3-deoxy-D-manno-2-octulosonic acid (Kdo) (Chiarini et al. 
2003; Cescutti et al. 2003).  
Levan: levan is an homopolymer of fructose (Fru) 26 linked (Cescutti et al. 
2003). 
PS1: a linear EPS composed of glucose and 4,6-O-(1’-carboxyethylidene)-
galactose (Cèrantola et al. 1996; Herasimenka et al. 2007). 
Dextran: some Bcc strains are also capable of producing dextran, the simple 16 
linked glucose homopolymer. 
 
Fig. 1.4 – structures of polysaccharides of Bcc strains 
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Very recently a new EPS has been discovered by culturing an environmental B. 
vietnamiensis strain. This strain was capable of producing cepacian and a completely 
new EPS, which has been investigated in this thesis work. 
 
1.6 Stenotrophomonas maltophilia 
 
Stenotrophomonas maltophilia is a gram-negative, rod-shaped, obligate aerobic 
bacterium belonging to the gamma subdivision of Proteobacteria. It was first isolated 
in 1943 and, at the time, was named Bacterium bookeri. It was later classified within 
the genus Pseudomonas, then Xanthomonas, and then finally Stenotrophomonas in 
1993 (Denton & Kerr, 1998). It is found in home and hospital environments, 
particularly in water sources and has recently emerged as an important opportunistic 
human pathogen in CF, debilitated and immunocompromised patients. S. maltophilia 
is the only species of Stenotrophomonas known to infect humans (Looney et al. 
2009). 
 
1.6.1 S. maltophilia infections 
 
The reported incidence of S. maltophilia infections ranges from 7.1 to 37.7 cases 
per 10,000 discharges (Denton & Kerr, 1998; Morrison et al. 1986; Del Toro et al. 
2002) and up to one third of the CF population. The clinical impact of the infection is 
not clearly established yet, but it was recently shown that CF patients with chronic S. 
maltophilia infection display a specific immune response, which is in turn associated 
with lower lung function (Waters et al. 2010). 
Furthermore, S. maltophilia invades and forms biofilm on the CF-derived 
bronchial epithelial IB3-I cell line, which supports the persistence of this 
opportunistic pathogen in CF patients (Pompilio et al. 2010). Lastly, it was 
determined (Huang et al. 2006) that a strain of S. maltophilia was capable of forming 
biofilm on polystyrene and glass and that the lipopolysaccharide/EPS-coupled 
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biosynthetic genes are necessary for biofilm formation, thus introducing the 
importance of EPS in host colonisation by S. maltophilia. 
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2. RESULTS AND DISCUSSION 
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2.1 Characterisation of the exopolysaccharide produced by Stenotrophomonas 
maltophilia 
 
In general the characterization of the primary structure of a polysaccharide implies 
the determination of a set of parameters. The first analysis to accomplish is the 
characterization of the sugars that form the repeating unit (RU). This means the 
identification of pentoses and hexoses, but also uronic acids, deoxysugars and 
aminosugars. For all the sugars the D or L absolute configuration, the  or  anomeric 
configuration and the position in the RU, that means linkages and sequence, must be 
established. Finally the presence of non-saccharidic substituents must be verified, that 
means number, position and type of substituents.  
These information can be achieved resorting to different techniques, like gas-
chromatography (GC), nuclear magnetic resonance (NMR) spectroscopy and mass 
spectrometry (MS). 
 
2.1.1 Isolation and purification of the exopolysaccharide 
 
The exopolysaccharide produced by S. maltophilia (SMA-EPS) was harvested 
from bacteria cultured on agar plates and properly purified (see paragraph 3.1) with a 
yield of about 3 mg per Petri dish. After purification and freeze-drying the polymer 
was ready for analysis. 
 
2.1.2 Composition analysis 
 
In order to obtain some preliminary information about the composition of the EPS, 
two colorimetric assays were performed on the purified SMA-EPS. The phenol-
sulfuric acid assay (Dubois et al. 1956) was used to estimate total sugars, while the 
method reported by Blumenkrantz and Asboe-Hansen (Blumenkrantz & Asboe-
Hansen, 1973) was used to quantify uronic acids. The first assay gave 35.5% of total 
carbohydates, suggesting incomplete hydrolysis and thus underestimation of 
saccharides. The assay for determination of uronic acids gave a value of 38.0% (w/w).  
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SMA-EPS was subjected to acid hydrolysis and the obtained monosaccharides 
were subsequently reduced to alditols. After peracetylation of the hydroxyl groups the 
sugar components were in a volatile form and so eligible for GC analysis. This 
experiment identified only glucose (Glc) in the RU. 
The reducing conditions used in the previous experiment do not reduce the 
carboxylic group of uronic acids, so their peracetylated derivatives are not volatile. 
For this reason a different chemical derivatization was necessary to detect uronic 
acids. The sample was methanolyzed and the free hydroxyl group trimethylsilyl 
(TMS) substituted, obtaining TMS methylglycosides. The gas-chromatographic 
analysis of these derivatives showed the presence of glucuronic acid (GlcA), 
galacturonic acid (GalA) and Glc. However, no definite molar ratios could be 
obtained from these data, because of the high resistance of SMA-EPS to acid 
hydrolysis. 
All these difficulties with hydrolysis of the native EPS were overcome by 
performing chromatographic analyses on the carboxyl reduced SMA-EPS. SMA-
EPS’s molar mass was reduced with a partial hydrolysis and then the carboxyl groups 
were reduced to alcoholic functions with carbodiimide. The reduced polysaccharide 
(SMA-EPS-R) was then hydrolyzed and the resulting monosaccharides converted to 
peracetylated alditols. A gas-chromatographic analysis, coupled with a mass 
spectrometry detector showed the presence of Glc, galactose (Gal) and 3-O-
hydroxyisopropyl-hexose residues in molar ratios 1.70 : 1.00 : 0.30. The presence of 
the latter component after reduction of carboxyl groups indicated a uronic acid 
residue substituted with a lactate group. The low amount detected may be attributed to 
i) incomplete reduction of the carboxyl functions; ii) a low response factor for this 
particular compound; iii) its terminal non-reducing position in the polysaccharide. 
The data collected suggested that SMA-EPS is composed of one Glc, one GlcA, 
one GalA and one 3-O-lactyl-HexA (3-Lac-HexA) residues. 
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2.1.3 Linkage analysis 
 
Methylation analysis of the native SMA-EPS was unsuccessful giving only 
peracetylated Glc. For this reason the linkage analysis was performed on SMA-EPS-
R. SMA-EPS-R was permethylated (Harris et al. 1984) and hydrolyzed. The resulting 
partially methylated monosaccharides were then reduced to alditols and peracetylated. 
In this way acetyls are present only on hydroxyl functions which were originally 
engaged in glycosydic linkages and in the formation of pyranosidic or furanosidic 
rings. A GC analysis separated the components and a coupled electron impact mass 
spectrometry (EI-MS) determined the methylation/acetylation pattern for each sugar.  
The linkage analysis showed one terminal 3-O-hydroxyisopropyl-hexose, two 4-
linked Glc and one 3,4-linked Gal in the molar ratios 0.66 : 1.74 : 1.00, respectively. 
Taking into account the composition analysis, SMA-EPS contains one 4-linked Glc, 
one 4-linked GlcA, one 3,4-linked GalA and one terminal non reducing GalA 
substituted on C3 with a lactate group. 
 
2.1.4 Determination of the absolute configuration of the monosaccharides 
 
The previous described GC techniques do not distinguish between different 
enantiomers. In order to determine the absolute configuration of the monosaccharides, 
SMA-EPS-R was butanolyzed and derivatized to TMS 2-S-butylglycosides. A GC 
analysis determined the D/L configuration of each monosaccharide (Gerwig et al. 
1978). The first analysis showed the presence of two D-Glc residues and one D-Gal 
residue. 
In order to determine the configuration of the sugar linked to the lactate it was 
necessary to cleave the ether linkage and repeat the GC experiments. Ether linkage 
was cleaved by action of boron tribromide after permethylation of the polymer 
(Hough & Theobald,1963). Boron tribromide converted each ether linkage into a free 
hydroxyl group, restoring the non-methylated EPS and contemporarily freeing it from 
the lactate substituent. The repetition of the GC absolute configuration analysis 
showed two D-Glc residues and two D-Gal residues. 
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2.1.5 Determination of the absolute configuration of the lactate substituent 
 
The other chiral center that needed a stereochemical determination was C2 of 
lactate. Conveniently, lactate absolute configuration was determined resorting to 
enzymatic specificity, since D- and L-lactate dehydrogenase are commercially 
available. In order to free the lactyl substituent without altering its configuration, a -
elimination was performed (Tipper, 1968) on the residue carrying it. This residue was 
isolated from SMA-EPS resorting to a Smith degradation, followed by hydrolysis 
(Hay et al. 1965; Goldstein et al. 1965) and separation by gel permeation 
chromatography (GPC) on a Bio-Gel P2 column. The lactate-substituted 
monosaccharide was not expected to be a product of the Smith degradation, but it was 
formed from the lactate-substituted disaccharide by hydrolysis, because the conditions 
used were quite strong. 
The reaction mixture was directly used as a source of substrate for the enzymatic 
tests: two different enzymatic kits were used, one containing S-lactate dehydrogenase 
and the other R-lactate dehydrogenease. Only the treatment with R-lactate 
dehydrogenase permitted the formation of NADH, thus clearly identifying the 
absolute configuration of the substituent.  
In conclusion SMA-EPS contains one 4-linked D-Glc, one 4-linked D-GlcA, one 
3,4-linked D-GalA and one terminal non reducing D-GalA substituted on C3 with a R-
lactate group. 
 
2.1.6 Partial hydrolysis and mass spectrometry analysis 
 
A useful procedure for the determination of the saccharidic sequence of the RU is 
the successive fragmentation of oligomers in a mass spectrometer. This technique is 
very similar to sequencing oligopeptides with MS. 
The oligosaccharides were obtained treating SMA-EPS with 2 M trifluoroacetic 
acid (TFA) for 2 hours at 100 °C. The mixture of fragments was then separated by 
GPC on a Bio-Gel P2 column using 0.05 M NaNO3 as eluent. Several peaks were 
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obtained (figure 2.1.1) and fractions were named I-IV, with fraction I (FR-I) 
corresponding to the void volume of the column. 
 
 
Fig. 2.1.1 – Elution profile of SMA-EPS after partial hydrolysis on a Bio-Gel P2 column. Fractions 
referred in the text are indicated. 
 
The void volume was subsequently separated on a Bio-Gel P10 column, as 
illustrated below. FR-II appeared to be the most interesting, with a molar mass in the 
range of the P2 column, but sufficiently high to be useful for a sequencing with 
electrospray ionization mass spectrometry (ESI-MS). FR-II was reduced with NaBH4, 
in order to mark the reducing end, and then permethylated. The sample was analyzed 
with ESI-MS, showing a pseudomolecular ion at 1015.4 m/z, corresponding to the 
[M+Na]+ adduct of a reduced permethylated tetrasaccharide containing three 
hexuronic acids (HexA), one hexose (Hex) and one lactate substituent. The secondary 
fragmentation, MS2, resulted in formation of fragments starting both from the 
reducing and non-reducing ends, leading to the unambiguous location of the hexose at 
the reducing end and to the complete saccharidic sequence assignment (figure 2.1.2).  
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According to the data already collected with GC analysis, the hexose was 
determined to be a permethylated glucitol residue. Peak assignments for MS2 
fragmentation are listed below (table 2.1.1). 
 
Table 2.1.1 – peak assignments for MS2 fragmentation of FR-II 
Observed m/z Fragment ions Ion typea 
345.2 [Lac-HexA+Na]+ C 
493.3 [HexA-Hex-ol+Na]+ Y 
563.3 [Lac-HexA-HexA+Na]+ C 
711.4 [HexA-HexA-Hex-ol+Na]+ Y 
781.3 [Lac-HexA-HexA-HexA+Na]+ C 
a According to the fragmentation proposed by Domon and Costello (Domon and Costello, 1988) 
 
 
Fig. 2.1.2 – fragmentation (MS2) spectrum of ion at 1015.4 m/z corresponding to the [M+Na]+ 
adduct of reduced FR-II. The fragmentation pattern is shown. * Indicates fragmented ion; dashed 
lines show fragmentation starting from non-reducing end; solid lines show fragmentation starting 
from reducing end. 
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FR-III contained mainly the unsubstituted tetrasaccharide HexA-HexA-HexA-Hex. 
Because the ether linkage is usually stable to treatment with 2 M TFA, the presence of 
small amounts of this oligosaccharide indicated that substitution with lactate might 
not be stoichiometrically complete.  
FR-I was separated on a GPC Bio-Gel P10 column, which has a different 
separation range from the Bio-Gel P2 column, obtaining four different peaks (FR-I.1–
I.4) (figure 2.1.3). Fraction I.4 was reduced with NaBH4 and ESI-MS analysis showed 
a pseudomolecular ion at 1567.4 m/z, corresponding to the average mass of the 
[M+Na]+ adduct of a reduced octasaccharide containing 2 Hex, 6 HexA and 2 lactate 
substituents. 
 
 
Fig. 2.1.3 – Elution profile of FR-I of SMA-EPS after partial hydrolysis on a Bio-Gel P10 column. 
Fractions referred in the text are indicated. 
 
MS2 of the ion at 1567.4 m/z and MS3 of the ion at 447.1 m/z resulted in 
fragmentation of the oligosaccharide (figure 2.1.4). The peaks observed permitted the 
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definition of a specific structure (figure 2.1.5) and the assignment of each m/z value to 
a possible fragment is shown below (table 2.1.2). 
 
Table 2.1.2 – peak assignments for MS2 and MS3 fragmentation of FR-I.4 
m/z Fragment ions Ion typea 
271.0 [Lac-HexA+Na]+ B 
288.9 [Lac-HexA+Na]+ C 
447.1 [Lac-HexA-HexA+Na]+ B 
537.1 [HexA-HexA-Hex–H2O+Na]+ DFb 
609.2 [Hex-[Lac-HexA]-HexA–H2O+Na]+ DFb 
623.1 [Lac-HexA-HexA-HexA+Na]+ B 
713.2 [HexA-HexA-Hex-HexA–H2O+Na]+ DFb 
785.2 [Lac-HexA-HexA-HexA-Hex+Na]+ B 
805.2 [Lac-HexA-HexA-HexA-Hex-ol+Na]+ Y 
889.3 [HexA-HexA-Hex-HexA-HexA–H2O+Na]+ DFb 
961.3 [Lac-HexA-HexA-HexA-Hex-HexA+Na]+ B 
967.3 [Hex-[Lac-HexA]-HexA-HexA-Hex-ol+Na]+ Y 
1137.3 [Lac-HexA-HexA-HexA-Hex-HexA-HexA+Na]+ B 
1143.3 [HexA-Hex-[Lac-HexA]-HexA-HexA-Hex-ol+Na]+ Y 
1319.4 [HexA-HexA-Hex-[Lac-HexA]-HexA-HexA-Hex-ol+Na]+ Y 
1385.3 [Lac-HexA-HexA-HexA-Hex-[Lac-HexA]-HexA-HexA+Na]+ B 
a According to the fragmentation proposed by Domon and Costello (Domon and Costello, 1988) 
b DF: double fragmentation 
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Fig. 2.1.4 – fragmentation (MS2) spectrum (A) of ion at 1567.4 m/z corresponding to the [M+Na]+ 
adduct of reduced FR-I.4 and MS3 spectrum (B) of fragment ion at 447.1 m/z. The fragmentation 
pattern is shown. * Indicates fragmented ions; dashed lines show fragmentation starting from non-
reducing end; solid lines show fragmentation starting from reducing end. 
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Fig. 2.1.5 – oligosaccharide structure deduced from MS2 and MS3 analysis of FR-I.4 
 
The collected data suggested that FR-II is the repeating unit of SMA-EPS and FR-
I.4 corresponds to an oligosaccharide having the size of two RUs. 
 
2.1.7 NMR studies of oligosaccharides from partial hydrolysis 
 
FR-II was extensively studied by NMR spectroscopy. It was particularly 
convenient to start the NMR investigation with this oligosaccharide because it 
corresponds to one RU. The assignment of the chemical shifts for each sugar residue 
will then be very useful for the assignment of SMA-EPS NMR signals. 
The 1H-NMR spectrum showed five anomeric signals in the region 5.3-4.5 ppm, 
which were named A, A, B, C, D, with A partially overlapping with B (figure 
2.1.6). From composition analysis and MS analysis of FR-II it was determined that 
glucose is at the reducing end and therefore, the signals A and A were assigned to 
a Glc residue. The B, C and D anomeric protons had the  configuration. The 
resonance at 4.53 ppm between H1’s of C and D was determined to be a ring proton 
through an HSQC experiment (figure 2.1.7). HSQC is a bidimensional NMR 
experiment which shows the correlation signals between a proton and the carbon 
linked to it. In the carbon spectrum it is possible to distinguish, beside other 
information, anomeric, ring, C6 and linkage sites signals. Anomeric carbons have a 
chemical shift in the range 90-110 ppm, while ring carbons can be detected in the 65-
80 ppm region. Carbons linked to two hydrogen atoms shows a negative signal, while 
CH and CH3 carbon signals are positive in 13C-NMR. Finally ring carbons engaged in 
glycosidic linkages have a chemical shift in the range 75-85 ppm.   
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Fig. 2.1.6 – expansion of the 5.3-3.0 ppm region of 1H-NMR of FR-II at 25 °C. Anomeric protons 
signals are named from A to D 
 
There is also a doublet at 1.40 ppm, which is in agreement with the methyl group 
of the lactate substituent. Integration of the anomeric signals gave the following 
results: A=0.36; A+B=1.51; C=0.84; D=1.00, while integration of the methyl 
group gave a value of 2.10. Two low intensity signals at 2.15 and 2.14 ppm were 
attributed to methyl functions of acetyl groups, which resisted the acidic treatment.  
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Fig. 2.1.7 – expansion of the 5.25-3.2 ppm and 60-105 ppm region of HSQC spectrum of FR-II. 
Anomeric C-H signals are named from A to D. Positive signals are red colored, while negative 
signals are in blue. 
 
COSY and TOCSY are also bidimensional NMR experiments. The pulse 
sequences used for these experiments detect through-bond correlated protons. In 
particular COSY is specifically designed to detect the 3J correlations, that means 
vicinal protons in a molecule. TOCSY similarly detects 3J correlations, but along the 
entire spin system. That means for each proton of a single sugar it shows a correlation 
with every other proton of the same sugar ring. 
These two techniques gave the complete attribution of the proton spin systems for 
residues B, C and D, while for A and A only protons 1 and 2 were assigned. 
Interpretation of the HSQC plot gave the assignment for the carbon atoms (table 
2.1.3). The carbon and proton chemical shifts of C4 of residue A were deduced from 
HSQC and previous methylation analysis of SMA-EPS-R (see paragraph 2.1.2): it 
was the only non-assigned signal between the signals of C-H involved in glycosidic 
linkage, that means the signal with the carbon chemical shift at 79.63 ppm, with the 
corresponding proton at 3.63 ppm.  
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Table 2.1.3 – chemical shifts for 1H and 13C from HSQC of FR-II 
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
A 
4)--D-Glc 
1H 5.22 3.57  3.63b   
13C 92.62 72.03  79.63b   
A 
4)--D-Glc 
1H 4.66 3.28  3.63b  3.81, 3.96 
13C 96.62 74.68  79.63b  61.0 
B 
3)--D-GalpA-(1 
1H 4.66 3.68 3.56 4.34 4.05  
13C 104.42 70.32 81.23 68.14 76.21  
C 
4)--D-GlcpA-(1 
1H 4.56 3.41 3.70 3.76 3.92  
13C 102.96 73.64 75.23 81.63 76.19  
D 
3)--D-GalpA-(1 
1H 4.49 3.72 3.88 4.53 4.10  
13C 103.17 70.77 83.07 70.23 76.05  
R-Lac 
1H  4.17 1.40    
13C  76.43 19.62    
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C) 
b Only one cross peak was found, suggesting that C4 and H4 of A and A are identical 
 
The correlations detected by ROESY experiments (similar to NOESY) 
experiments are only through-space correlations and not depending at all from the 
number of chemical bonds between the atoms. 
This experiment showed the following inter-residues cross-peaks: CH of lactate to 
B-H3; B-H1 to D-H3; D-H1 to C-H4; C-H1 to A-H4. Moreover, the chemical shifts 
of residues B and D were in very good agreement with those of galacturonic acid 
(Arbatsky et al. 2000), while those of residue C with the spin system of glucuronic 
acid (Cescutti et al. 1999).  
In conclusion, NMR data together with composition and MS analysis established 
the structure of FR-II (figure 2.1.8).  
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Fig. 2.1.8 – oligosaccharide structure deduced from NMR and ESI-MS analysis of FR-II 
 
2.1.8 NMR studies of deacetylated exopolysaccharide 
 
The 1H-NMR spectrum of native SMA-EPS showed intense signals in the range 
2.3-2.1 ppm, thus determining the presence of acetyl groups (see paragraph 2.1.9). In 
order to obtain a simpler and more resolved NMR spectrum, the sample was 
deacetylated with NaOH (see paragraph 3.2) and dialyzed before NMR analysis.  
The 1H-NMR spectrum of the deacetylated SMA-EPS (deAc-SMA-EPS) (figure 
2.1.9) showed three signals in the anomeric region at 4.90, 4.68 and 4.50 ppm; their 
integration values were 1.00, 2.22 and 2.04, respectively, indicating overlapping of 
resonances.  
 
Fig. 2.1.9 – expansion of the 5.15-3.0 ppm region of 1H-NMR of deAc-SMA-EPS at 70 °C. 
Anomeric protons signals are named from A to D 
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The HSQC plot (figure 2.1.10) revealed that the protons resonating at 4.68 ppm 
were connected with one anomeric and one ring carbon atoms, while the protons at 
4.50 ppm were connected with only one anomeric carbon atom, therefore suggesting 
overlapping of two anomeric resonances. This finding was confirmed by examining 
the COSY plot. Therefore, four anomeric signals were present in the 1H-NMR 
spectrum and were named from A to D, with signals C and D overlapping (figure 
2.1.9). Their chemical shift values indicated that they all have the  configuration. As 
for FR-II, the resonance at 1.40 ppm was assigned to the CH3 group of lactate.  
 
 
Fig. 2.1.10 – expansion of the 4.95-3.25 ppm and 60-105 ppm region of HSQC spectrum of deAc-
SMA-EPS. Positive signals are red colored, while negative signals are in blue. 
 
COSY and TOCSY experiments identified all the protons for each spin system, 
while inspection of the HSQC plot (figure 2.1.10) determined all the carbon atoms for 
every sugar residue (table 2.1.4). The chemical shifts were all in good agreement with 
what was already established for FR-II, confirming the assignment of signals A to 
glucose, C to glucuronic acid, B and D to galacturonic acid. The data collected 
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confirmed that the glycosidic linkage of the glucose residue engaged C4 and that 
residue D is branched, connecting consecutive repeating units through its C4. 
 
Table 2.1.4 – chemical shifts for 1H and 13C from HSQC and 13C-NMR of deAc-
SMA-EPS 
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
A 
4)--D-Glcp-(1 
1H 4.90 3.33 3.68 3.55 3.55 3.72, 3.92 
13C 103.35 74.48 75.30 80.36 75.36 61.47 
B 
3)--D-GalpA-(1 
1H 4.68 3.68 3.53 4.35 4.00  
13C 104.33 70.57 81.25 68.34 76.37 175.32 
C 
4)--D-GlcpA-(1 
1H 4.50 3.41 3.68 3.75 3.89  
13C 103.39 73.65 75.30 81.86 76.23 175.42 
D 
3)--D-GalpA-(1 
1H 4.50 3.83 4.00 4.68 4.05  
13C 103.39 71.24 81.69 78.94 75.96 174.50 
R-Lac 
1H  4.15 1.40    
13C 182.12 76.60 19.63    
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C). 
Carbonyl signals were detected in a 13C-NMR spectrum recorded at 70 °C and assigned to each uronic 
acid residue through an HMBC experiment. 
 
HMBC experiment, which can detect the 2J correlation between heteronuclei,  
identified the carbonyl signals of each uronic acid residue. NOESY experiments 
showed the following inter-residues contacts: CH of lactate to B-H3; B-H1 to D-H3; 
D-H1 to C-H4; C-H1 to A-H4; A-H1 to D-H4, thus establishing the structure for 
deAc-SMA-EPS (figure 2.1.11). 
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Fig. 2.1.11 – primary structure of the RU of deAc-SMA-EPS 
 
2.1.9 NMR studies of native exopolysaccharide 
 
NMR investigation of SMA-EPS established the acetyl substitution pattern, as well 
as confirmed the data found for the deacetylated sample. The 1H-NMR spectrum of 
the native polymer was deeply different from the one of deAc-SMA-EPS (figure 
2.1.12). 
 
 
Fig. 2.1.12 – expansion of the 5.75-3.0 ppm region of 1H-NMR of deAc-SMA-EPS and SMA-EPS 
at 70 °C. Anomeric protons signals are named from A to D, while B4 is the H4 of sugar B and D2 
is the H2 of sugar D. 
  
SDBM - School of 
Molecular Biomedicine 
 
 
39 
 
Two new signals related with acetylation were present at 5.65 and 5.13 ppm and 
from the HSQC plot it was shown that they were connected to carbons resonating at 
72.15 and 70.19 ppm, respectively. Therefore, they were ascribed to ring protons 
geminal to the attached acetyl groups (Haverkamp et al. 1982; Cescutti et al. 1993). 
Only H1 of the Glc residue slightly changed its chemical shift in the native polymer, 
moving to 4.88 ppm, while all the other anomeric signals showed more evident shifts 
with respect to the non acetylated sample. Three other anomeric signals were located 
at 4.65, 4.55 and 4.45 ppm and their integration gave the values 0.94, 1.03, 0.70, after 
setting equal to 1.00 the integration of the peak belonging to H1 of Glc. The chemical 
shift of the methyl group of lactate moved from 1.40 to 1.25 ppm, suggesting the 
vicinity of an acetyl ester. Its integration value was equal to 3.57. Two signals 
attributable to methyl groups of acetyl esters resonated at 2.13 and 2.10 ppm, with 
integration values of 3.12 and 2.87, respectively, indicating the presence of two acetyl 
groups per repeating unit. As for the other samples, COSY and TOCSY experiments 
allowed the unraveling of the proton spin systems, while the HSQC plot revealed the 
carbon atom spin systems (table 2.1.5). 
 
Table 2.1.5 – chemical shifts for 1H and 13C from HSQC of SMA-EPS 
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
A 
4)--D-Glcp-(1 
1H 4.88 3.34 3.64 3.54 3.54 3.72, 3.90 
13C 103.33 74.46 75.07b 80.25 75.51 61.45 
D 
3)--D-GalpA-(1 
1H 4.65 5.13 4.19 4.72 4.09  
13C 101.29 72.15 80.00 78.92 76.04  
B 
3)--D-GalpA-(1 
1H 4.55 3.46 3.60 5.65 4.10  
13C 104.82 70.33 80.03 70.19 74.84  
C 
4)--D-GlcpA-(1 
1H 4.45 3.35 3.64 3.72 3.71  
13C 103.61 73.91 75.47b 81.97 77.60  
R-Lac 
1H  4.10 1.25    
13C  76.78 19.51    
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C).  
b Assignment can be interchanged 
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Inspection of the COSY plot (figure 2.1.13) undoubtedly assigned the sites of 
acetylation, revealing that one acetyl group was linked to C2 of the branched GalA 
residue and the other to C4 of the terminal non-reducing GalA. 
 
Fig. 2.1.13 – expansion of the 5.8-3.3 ppm region of COSY spectrum of SMA-EPS at 70 °C. 
Correlation patterns for sugars B (black) and D (blue) are shown, thus determining the acetylation 
sites (B2 and D4). 
 
The EPS produced by two strains of S. maltophilia was fully characterized 
resorting to GC, NMR and MS studies. The RU of SMA-EPS is a branched 
tetrasaccharide composed by one Glc, one GlcA and two GalA residues carrying two 
acetyl groups and an ether linked lactate substituent (figure 2.1.14). 
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Fig. 2.1.14 – primary structure of the RU of SMA-EPS 
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2.2 Characterisation of the exopolysaccharide produced by Burkholderia 
vietnamiensis  
 
Many Burkholderia cepacia complex (Bcc) strains were cultured and the EPS 
produced was analyzed. The great majority of the tested strains produced cepacian 
(see paragraph 1.5.2). Among those strains, Burkholderia vietnamiensis LMG 10929 
was an exception: in fact it was capable to produce a totally unknown EPS beside 
cepacian. 
The characterisation of the primary structure of this polysaccharide required GC, 
NMR and MS techniques for the complete determination of the RU structure. 
 
2.2.1 Isolation and purification of the exopolysaccharide 
 
B. vietnamiensis was grown on solid YEM medium (20 g mannitol, 2 g yeast 
extract, 15 g agar per liter), then the EPS was harvested and properly purified (see 
paragraph 3.1) with a yield of about 35 mg per Petri dish. After purification and 
freeze-drying the polymer was ready for analysis.  
A 1H-NMR spectrum was recorded and it showed many peaks in the anomeric 
region. Some of them were assigned to the well known cepacian, but other peaks were 
attributed to one (or more) unknown EPS produced in an almost equal amount, which 
was named BV-EPS (figure 2.2.1). In order to better understand the characteristics of 
BV-EPS a 13C-NMR spectrum was also recorded (data not shown) and it clearly 
showed the presence of at least one carboxyl group, thus indicating the presence of an 
uronic acid. 
The two EPSs were separated by GPC on a S-300 column. The two peaks were 
largely overlapped in GPC experiments (figure 2.2.2) due to the polydispersity of the 
two polymers, which is a common feature for bacterial EPSs. Composition analysis 
and NMR spectroscopy showed that the first eluting peak belonged to BV-EPS, while 
the second one to cepacian. However, each peak did not contain pure polymers, but at 
best 5 : 1 mixtures. 
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Fig. 2.2.1 – 1H-NMR of native EPS produced by B. vietnamiensis at 50 °C. Some of the signals 
belonging to cepacian (black) and to BV-EPS (blue) are shown. 
 
Fig. 2.2.2 – elution profile of EPSs isolated from B. vietnamiensis and separated on a S-300 GPC 
column. EPSs corresponding to each peak are shown. 
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For a better separation a High Performance Size Exclusion Chromatography (HP-
SEC) was used. The two peaks were then more defined and the purification was 
almost complete (figure 2.2.3), as assessed by NMR spectroscopy (data not shown). 
The great disadvantage of this technique was the very small quantity of EPS separated 
in each chromatographic run.  
 
Fig. 2.2.3 – elution profile of EPSs isolated from B. vietnamiensis and separated on a HP-SEC 
instrument. EPSs corresponding to each peak are shown. 
 
2.2.2 Composition analysis 
 
BV-EPS was hydrolyzed to monosaccharides which were subsequently reduced to 
alditols. After peracetylation the sugar derivatives were analyzed by GC. The elution 
profile showed Glc and fucose (Fuc) with a molar ratio 3.0 : 1.3. 
Sometimes a monosaccharide can be underestimated in this analysis if it is linked 
to an uronic acid in the native polymer, because the glycosidic linkage of an uronic 
acid is more resistant to hydrolysis. Therefore, the carboxyl groups were reduced with 
NaBD4 in order to label the original uronic acid residue. After this treatment no new 
sugar appeared in the GC chromatogram of the reduced polymer (BV-EPS-R), but 
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both Glc and Fuc peaks increased to a molar ratio of 4.0 : 1.7. The presence of an 
additional Glc after carboxyl reduction identified the uronic acid as a GlcA. The 
increasing intensity of the Fuc signal in BV-EPS-R is a clear indication that one of the 
two Fuc is linked to the GlcA. 
In conclusion BV-EPS has a RU composed by three Glc, two Fuc and one GlcA, 
where the latter is known to be linked to one of the two Fuc residues. These analysis  
did not consider the presence of labile substituents like acetyls. 
The D or L configuration of each sugar was determined by treating BV-EPS-R as 
follow: the polymer was butanolyzed and derivatized to TMS 2-S-butylglycosides and 
a GC analysis determined the D/L configuration of each monosaccharide (Gerwig et 
al. 1978). The analysis showed that the four Glc (one of which was the reduced GlcA) 
are all in D configuration, while the two Fuc are in L configuration. 
 
2.2.3 Linkage analysis 
 
Linkage analysis was performed on BV-EPS-R. Thanks to the reduction with 
deuterium there was not any difficulty to distinguish the reduced GlcA from Glc 
residues in GC-MS. 
BV-EPS-R was permethylated and hydrolyzed. The resulting partially methylated 
monosaccharides were then reduced to alditols and peracetylated. The linkage 
analysis of BV-EPS-R showed the presence of one terminal non-reducing Glc, one 4-
linked 6-D2-hexose, one 3-linked Glc, one 3,4-linked Glc and two 3-linked Fuc, with 
a molar ratio 1.1 : 0.8 : 1.2 : 1.0 : 1.8. 
 
2.2.4 Smith degradation 
 
The Smith degradation is capable of cleaving a C-C bonds where two free vicinal 
hydroxyl groups are present. The two vicinal hydroxyl groups are oxidized to 
aldehydes with NaIO4 and subsequently reduced with NaBH4 to primary alcohol. If 
the ring of a sugar is oxidized this way, a mild hydrolysis is sufficient to cleave its 
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glycosidic bond, leaving only a polyalcoholic residue on the successive sugar (see 
paragraph 3.2.4). 
In BV-EPS only GlcA, which is 1,4-linked, and the terminal Glc are eligible for 
Smith degradation. If GlcA is in the backbone of the EPS, the product of the reaction 
will be a tetrasaccharide. After oxidation, reduction and mild hydrolysis, the products 
were separated by GPC on a Bio-Gel P2 column. The sample eluted entirely in the 
void volume of the column (figure 2.2.4), indicating that the polymerization degree of 
the sample was still high, thus implying that the GlcA residue is not in the backbone 
of the EPS.  
 
 
Fig. 2.2.4 – elution profile of Smith degraded BV-EPS on a Bio-Gel P2 column. The entire sample 
eluted with the void volume of the column 
 
The fractions corresponding to the void volume were collected and the polymeric 
nature of the sample was confirmed by NMR analysis (see paragraph 2.2.5). This 
result clearly suggests that the GlcA in the lateral chain, together with the Fuc linked 
to it and the terminal Glc. 
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2.2.5 NMR analysis of deacetylated exopolysaccharide 
 
Acetylation usually increases the complexity of the NMR spectrum of a 
polysaccharide. BV-EPS is also an acetylated EPS, but integration of 1H-NMR signals 
showed that there is about one acetyl substituent every three RUs. Even if it is only 
slightly acetylated, better NMR spectra were obtained on deacetylated EPS (deAc-
BV-EPS). The 1H-NMR spectrum showed many signals in the anomeric region and 
only after an HSQC experiment it was possible to identify five anomeric signals 
(figure 2.2.5). One of the signals, at 5.22 ppm, integrates for two protons, in 
agreement with the hexasaccharidic size of the RU. Anomeric protons were named 
from A to F (figure 2.2.5). 
 
 
Fig. 2.2.5 – expansion of the 5.55-4.3 ppm and 64-105 ppm region of HSQC and 1H-NMR of deAc-
BV-EPS at 25 °C. Anomeric protons signals are named from A to F. 
na = non-anomeric signal 
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COSY and TOCSY experiments were quite complex to interpret as a consequence 
of multiple overlaps of signals and showed only few correlations. Where possible 
each assigned proton chemical shift was correlated to a carbon chemical shift from 
HSQC spectrum (table 2.2.1).  
Monosaccharide A showed a carbon chemical shift in the linked carbon region for 
C4, thus identifying it as the 4-linked GlcA, which is the only sugar not linked in 
position 3 except non reducing terminal Glc.  
In addition, in the 1H-NMR spectrum there are two doublets at 1.16 and 1.20 ppm 
attributed to the CH3 of the two Fuc. These doublets correlate, respectively, with 
signals at 4.37 and 4.78 ppm, which are the two non anomeric signals in the anomeric 
region (figure 2.2.5). These are consequently the H5 signals of the two Fuc residues. 
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Table 2.2.1 – chemical shifts for 1H and 13C from HSQC experiments on deAc-
BV-EPS. Sugars are named from A to F.  
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
A 
4)--D-GlcpA-(1 
1H 5.47 3.51 3.71 3.41   
13C 98.5 71.7 72.2 80.0c   
B 
1H 5.41 3.99 3.91    
13C 98.7 67.3b 77.2c    
C 
1H 5.27 3.99     
13C 99.3 67.3b     
D 
1H 5.22 3.80 4.04    
13C 100.5 71.6 75.1c    
E 
1H 5.22 3.65 4.13    
13C 100.5 71.6 73.0    
F 
1H 4.48 3.42     
13C 101.2 69.2     
Not assignedd 
3)--L-Fucp-(1 
1H     4.78d 1.20d 
13C     66.3d 15.2d 
1H     4.36d 1.16d 
13C     66.6d 15.2d 
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C).  
b The two signals can be overlapped or one C-H correlation is missing in the HSQC spectrum 
c Carbon chemical shift typical for linkage sites. 
d Not assigned to a specific fucose spin system 
 
2.2.6 NMR studies of Smith degraded exopolysaccharide 
 
Smith degraded BV-EPS (Smith-BV-EPS) was studied by means of NMR 
spectroscopy. The 1H-NMR spectrum showed only four anomeric protons (figure 
2.2.6) out of the six of the RU, as expected. 
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Fig. 2.2.6 – expansion of the 5.6-3.1 ppm region of 1H-NMR of deAc-BV-EPS (blue trace) and 
Smith-BV-EPS (black trace) at 25 °C. Anomeric protons signals are named A to F, showing that 
signals A and E are missing after Smith degradation. 
 
It is clear that sugar A and sugar E, which are missing after Smith degradation, are 
the GlcA and the non reducing terminal Glc residues. Sugar A was expected to be the 
GlcA residue, so sugar E was assigned to be the non reducing terminal Glc residue. It 
is also clear that no other sugars are linked between GlcA and t-Glc in the lateral 
chain, defining a lateral chain of at least three sugars: Glc-GlcA-Fuc. The anomeric 
signals of GlcA and terminal Glc were located in the -anomeric region, in fact only 
sugar F seems to be in  configuration. 
This sample was also analyzed by means of bidimensional NMR spectroscopy, 
from which additional information were obtained. The only sugar that showed 
significant signals shifts after Smith degradation was sugar B (table 2.2.2, row B, 
columns 2 and 3), suggesting that its chemical environment has changed. Therefore, it 
was tentatively assigned to the Fuc residue which was linked to the GlcA in the native 
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EPS, and now has become terminal non-reducing after Smith degradation. In fact, 
also the H5 signal of one Fuc residue shifted slightly. 
TOCSY experiment gave the assignments from H1 to H4 for sugar F, while HSQC 
showed that sugar F is linked in position 3 but not in position 4 (table 2.2.2). After the 
two Fuc residues have been identified, this assignments indicated that sugar F is the 3-
linked -Glc. 
 
Table 2.2.2 – chemical shifts for 1H and 13C from HSQC experiments on Smith-
BV-EPS. Sugars are named B, C, D and F.  
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
B 
3)--L-Fucp-(1 
1H 5.41 3.80 3.98  4.73 1.20 
13C 98.9 68.1 78.1b  66.4 15.4 
C 
1H 5.27 3.99     
13C 99.4 72.1     
D 
1H 5.20 3.80 4.04    
13C 100.5 72.7 75.0b    
F 
3)--D-Glcp-(1 
1H 4.48 3.44 3.61 3.33   
13C 101.5 74.1 82.1b 68.9   
Not assignedc 
3)--L-Fucp-(1 
1H     4.36c 1.16c 
13C     66.9c 15.2c 
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C).  
b Carbon chemical shift typical for linkage sites. 
c Not assigned to a specific fucose spin system 
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2.2.7 Partial hydrolysis and mass spectrometry analysis 
 
BV-EPS was studied by successive fragmentation of permethylated 
oligosaccharides in a mass spectrometer. The oligosaccharides were obtained treating 
1 mg of BV-EPS with 0.5 M TFA for 1 hour at 80 °C. ESI-MS analysis (figure 2.2.7) 
detected several interesting fragments in the hydrolysate (table 2.2.3). Since the 
glycosidic linkage of deoxy-hexoses is usually more labile than other linkages, two 
different trisaccharides and two hexasaccharides were obtained. In fact, the random 
cleavage of one of the two Fuc glycosidic linkages gave two possible hexamers: the 
RU of BV-EPS and two consecutive debranched RU of BV-EPS (table 2.2.3). 
 
 
Fig. 2.2.7 – ESI-MS spectrum of BV-EPS partially hydrolyzed with 0.5 M TFA at 80 °C for 1 h 
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Table 2.2.3 – peak assignments for MS analysis of partially hydrolyzed BV-EPS 
Observed m/z Pseudomolecular ions 
511.3 [2Glc+1Fuc+Na]+ 
547.3 [1Glc+1Fuc+1GlcANa+Na]+ 
981.5 [4Glc+2Fuc+Na]+ 
995.5 [3Glc+2Fuc+1GlcA+Na]+ 
1017.5 [3Glc+2Fuc+1GlcANa+Na]+ 
 
The reaction was then repeated on 50 mg of BV-EPS and the mixture of 
oligosaccharides was then separated by GPC on a Bio-Gel P2 column. The degree of 
polymerization of the majority of the EPS was still too high and eluted with the void 
volume of the column. Nevertheless several peaks were obtained (figure 2.2.8) and 
low mass fractions were named A to D. 
 
 
Fig. 2.2.8 – elution profile of partially hydrolyzed BV-EPS on Bio-Gel P2 column. Void volume 
and fractions from A to D are shown. 
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ESI-MS analysis of single fractions from the GPC revealed that peak B (FR-B) 
contained only the hexasaccharide corresponding to the RU of BV-EPS. This sample 
was then reduced with NaBD4 at the reducing end and permethylated. MS2 of the ion 
at 1264.9 m/z and MS3 of the ion at 654.5 m/z resulted in fragmentation of the 
oligosaccharide (figure 2.2.9). The peaks observed permitted the definition of a 
specific structure (figure 2.2.10) and the assignment of each m/z value to a possible 
fragment is shown below (table 2.2.4). 
 
Table 2.2.4 – peak assignments for MS2 and MS3 fragmentation of FR-B 
m/z Fragment ions Ion typea 
246.1 [1-H2-dHex-ol+Na]+ Y 
436.3 [Hex-1-H2-dHex-ol+Na]+ Y 
654.5 [Hex-Hex-1-H2-dHex-ol+Na]+ Y 
828.6 [dHex-[Hex]Hex-1-H2-dHex-ol+Na]+ Y 
1046.7 [HexA-dHex-[Hex]Hex-1-H2-dHex-ol+Na]+ Y 
1264.9 [Hex-HexA-dHex-[Hex]Hex-1-H2-dHex-ol+Na]+ Y 
a According to the fragmentation proposed by Domon and Costello (Domon and Costello, 1988) 
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Fig. 2.2.9 – fragmentation (MS2) spectrum (A) of ion at 1264.9 m/z corresponding to the [M+Na]+ 
adduct of reduced and permethylated FR-B and MS3 spectrum (B) of fragment ion at 654.5 m/z. 
The fragmentation pattern is shown. * Indicates fragmented ions. 
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Fig. 2.2.10 – oligosaccharide structure deduced from MS2 and MS3 analysis of FR-B 
 
2.2.8 NMR studies of oligosaccharides from partial hydrolysis 
 
Fraction B was purified and studied by NMR spectroscopy. Mono- and 
bidimensional spectra were collected, but a full assignment of the NMR signals was 
still not possible. Nevertheless many information were obtained from those spectra.  
Five out of the six anomeric signals present in the 1H-NMR spectrum of BV-EPS 
were still present in FR-B, while the anomeric signal of sugar C was present both in 
the  and  configuration (figure 2.2.11), with C signal overlapping with D and E 
anomeric proton signals. From ESI-MS data on reduced permethylated FR-B it was 
shown that the reducing end of FR-B is a fucose, so sugar C was assigned to a Fuc 
residue (the second Fuc was already assigned to sugar B, see paragraph 2.2.6). 
 
Fig. 2.2.11 – expansion of the 5.6-3.0 ppm region of 1H-NMR of FR-B at 25 °C. Anomeric protons 
signals are named from A to F 
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COSY and TOCSY correlation spectra did not allow to assign every proton 
chemical shift for sugars C, D and E, but sugars A, B and F were fully assigned (table 
2.2.5). HSQC experiment gave the carbon chemical shift for almost each proton 
signal assigned, confirming linkage sites in the expected positions (table 2.2.5). 
Carbon chemical shift for C3 of sugar B, which is the new terminal residue after 
hydrolysis, shifted from 82.1 ppm (in Smith-BV-EPS, see table 2.2.2) to 75.6 ppm, 
confirming that the -L-Fuc-(13)--D-Glc is the cleavage site that generated FR-B 
sample. 
In conclusion each sugar, from A to F, was assigned to a monosaccharide in FR-B.  
 
Table 2.2.5 – chemical shifts for 1H and 13C from HSQC of FR-B 
Residue      Chemical shift (ppm)a 
 1 2 3 4 5 6 
A 
4)--D-GlcpA-(1 
1H 5.47 3.52 3.69 3.41 3.79  
13C 98.5 71.7 72.8 76.4b 72.9  
B 
3)--L-Fucp-(1 
1H 5.41 4.00 3.92 3.88 4.78 1.20 
13C 98.7 67.1 77.3b 71.9 66.2 15.1 
C 
3)--L-Fuc 
1H 5.20 3.97 4.04  4.23c 1.19c 
13C 100.5 67.2 75.0b    
D 
3,4)--D-Glcp-(1 
1H 5.18 3.80     
13C 100.5 72.9     
E 
t--D-Glc-(1 
1H 5.20 3.65 4.13    
13C 100.5 71.6 72.9    
C 
3)--L-Fuc 
1H 4.61 3.64 3.91 3.72 3.82c 1.23c 
13C 96.3  77.3b 71.6   
F 
t--D-Glcp-(1 
1H 4.48 3.19 3.46 3.08 3.40 3.62/3.87 
13C 101.3 73.8 75.6 70.6 69.2 62.1 
a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm for 13C) 
b Carbon chemical shift typical for linkage sites. 
c Assignment can be interchanged 
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The information obtained from ESI-MS and NMR studies on deAc-BV-EPS, 
Smith-BV-EPS and FR-B identify the sequence of the repeating unit of BV-EPS. 
The only structural information which need to be determined are the following: 
i) the linkage site of the lateral chain on the branched glucose, in position 3 or 4 
(figure 2.2.12); 
ii) the location of acetyl groups in the native EPS. 
 
 
Fig. 2.2.12 – proposed primary structure for deAc-BV-EPS 
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2.3 Interaction between reactive oxygen species and cepacian 
 
Reactive oxygen species (ROS) are produced by neutrophils following the 
oxidative burst. As reported in the introduction, studies carried out on Pseudomonas 
aeruginosa showed that alginate, the EPS produced by this bacterial species, acts as 
scavenger of ROS throughout the degradation of the polysaccharidic backbone (Learn 
et al. 1987; Simpson et al. 1989). An investigation (Bylund et al. 2006) on a clinical 
B. cenocepacia isolate also demonstrated that its EPS possess ROS scavenging 
ability. 
In order to better understand the role of cepacian in ROS scavenging ability, this 
EPS was treated in vitro with sodium hypochlorite (NaClO) to detect possible 
polymer degradations. The effect of the reaction on cepacian molecular mass was 
analysed by capillary viscometry and GPC and the reaction products were structurally 
investigated by NMR spectroscopy and MS. In addition to this, microbiological 
studies on the survival of the cepacian producer Burkholderia pyrrocinia clinical 
isolate (referred as BTS7) treated with NaClO with and without preincubation with 
cepacian were carried out. 
 
2.3.1 Microbiological killing assays 
 
It is well known that growth conditions affect EPS production of BCC strains 
(Sage et al. 1990). Therefore, preliminary experiments were carried out to set up the 
best experimental condition to evaluate the protective effect of cepacian against 
killing by NaClO. When B. pyrrocinia BTS7 isolate was grown in yeast extract-
mannitol medium (YEM) at 30 °C for 24 h with orbital shaking, it produced a 
considerable amount of cepacian (about 550 μg/ml), and the EPS could be easily 
removed from the culture medium by vigorously washing the bacteria. When BTS7 
was grown in Luria Bertani (LB) medium, it did not produce detectable amount of 
EPS. The optimal concentration of NaClO for bacterial killing was found to be 60 
μM, hence, BTS7 grown in YEM was treated with NaClO both in the presence of 
produced cepacian and after its removal by centrifugation. Unwashed bacteria were 
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absolutely insensitive to NaClO treatment, but they displayed more than 3-log 
decrease in survival after removal of the EPS (table 2.3.1). Therefore, the EPS 
produced in situ by bacteria conferred them an appreciable resistance to oxidation. 
 
Table 2.3.1 – effect of ROS on BTS7 bacteria before and after removal of cepacian 
Condition CFU/ml (x106)a Pb 
unwashed: cepacian 540 ± 72 μg/mla   
BTS7 647 ± 74  
BTS7 + NaClOc 610 ± 53 0.47 
washed: cepacian removed   
BTS7 593 ± 38  
BTS7 + NaClOc 0.067 ± 0.0014 0.0014 
a Mean of three independent experiments ± the standard error of the mean. 
b Statistical significance is reported as the p-value of two tailed probability calculated by the pair t-
test of each value compared with its untreated control 
c added NaClO was 60 μM 
 
To better evaluate the protective role of cepacian, bacteria were grown in LB 
medium where the EPS is not produced, harvested and re-suspended in phosphate 
buffer (PB) before adding different quantities of purified cepacian. In this way it was 
found that a concentration of 100 μg/ml of cepacian did not significantly affect BTS7 
resistance to NaClO killing, but 1 mg/ml of the EPS markedly improved BTS7 
survival in the presence of the oxidant. The latter concentration was used for an 
experiment designed to test the protective efficacy of cepacian after pre-incubation 
with bacteria. 
Treatment of the cells with NaClO showed a 3 log decrease in survival with 
respect to the control (figure 2.3.1, bars NC and B, respectively), while simultaneous 
addition of NaClO and cepacian conferred protection to the cells resulting in only 1 
log decrease (figure 2.3.1 bars B and t=0, respectively). 
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Fig. 2.3.1 – Protective effect of purified cepacian against killing of BTS7 by NaClO. BTS7 grown 
in LB was harvested and resuspended in PB + cepacian 1 mg/ml. NaClO 60 μM was added at 
different times (indicated below the bars). After 15 min of incubation, bacteria were diluted to 
evaluate CFUs. 
B: Bacteria only (no cepacian, no NaClO) 
NC: no cepacian (bacteria + NaClO) 
T 0-120: incubation time (min) in 1 mg/mL cepacian before addition of NaClO. 
 
Moreover, the protective effect of cepacian increased by increasing the incubation 
time of the cells with EPS before NaClO addition, resulting in an almost complete 
scavenging of NaClO after an incubation time of 2 hours (figure 2.3.1). Probably, a 
suitable incubation time of added cepacian with bacteria cells restored a distribution 
of EPS around the cells resulting in protection from oxidation almost identical to that 
one given by cepacian produced in situ. 
 
2.3.2 Macromolecular properties of cepacian after NaClO treatment 
 
The viscosity of a polymer solution is proportional in a non-linear way to the 
weight average molar mass of the macromolecule. The more elongated are the 
polymeric chains, the more viscous is the solution (Munk, 1989). 
It was already stated that, in case of alginate, ROS scavenging ability was related 
to a cleavage of EPS backbone, that means a significant reduction of the average 
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molar mass of the EPS. For this reason a viscometric experiment was set up to follow 
the time variation of average molar mass upon addition of NaClO. Solutions of 
cepacian and alginate, the latter for comparison purposes, were prepared at different 
concentrations and the flowing time in a capillary viscometer at 30 °C was measured. 
Two different concentration (0.4 mg/mL for alginate and 0.8 mg/mL for cepacian) 
were chosen for the two EPSs, in order to reach an optimal initial viscosity. Then both 
polymers were treated with NaClO in the range 0.0-2.0 mM and the reaction was 
followed measuring the flowing time of the solutions in the viscometer. For both 
polymers a decrease of flowing time as a function of the reaction course was observed 
(figures 2.3.2 and 2.3.3). In the experimental conditions adopted, 80% of the total 
effect of NaClO treatment was obtained within 2 hours of reaction. 
 
 
Fig. 2.3.2 – Capillary flowing time of alginate solution upon treatment with NaClO at different 
concentrations as a function of the reaction time. Alginate was treated with NaClO 0.0 (▽), 0.2 (□), 
0.3 (△), 1.0 (◯) and 2.0 (◇) mM 
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Fig. 2.3.3 – Capillary flowing time of cepacian solution upon treatment with NaClO at different 
concentrations as a function of the reaction time. Cepacian was treated with NaClO 0.0 (▽), 0.4 
(□), 1.0 (△) and 2.0 (◯) mM 
 
The molecular weight distribution of cepacian treated with NaClO from 0.0 to 60.0 
mM was investigated by GPC on a S-300 column. The elution profiles obtained 
(figure 2.3.4) clearly indicated that cepacian molecular mass decreased, while the 
polymer polydispersity increased, upon increasing NaClO concentration.  
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Fig. 2.3.4 – GPC elution profiles of cepacian degraded with NaClO 0.4 (black), 1.0 (blue), 2.0 
(red), 15.0 (green) and 60.0 mM (brown) separated on S-300 column 
 
The precise evaluation of cepacian molecular mass after treatment with 2.0 mM 
NaClO was achieved by matrix assisted laser desorption ionization mass spectrometry 
(MALDI-MS). To do this, three fractions named A, B and C (figure 2.3.5) were 
collected from the GPC and, after permethylation, they were subjected to MALDI-MS 
analysis. The obtained experimental molecular masses were used to evaluate the 
masses before permethylation (table 2.3.2). The number of acetyl substituents was 
also included in the calculation and their amount was obtained from 1H-NMR spectra 
(see paragraph 2.3.4). In this way a precise calibration of the gel permeation 
chromatographic column was obtained and it was used to select fractions with the 
desired molecular mass for MALDI-MS and NMR experiments. 
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Fig. 2.3.5 – GPC elution profile of cepacian degraded with NaClO 2 mM. Fractions A, B and C 
were analyzed by MALDI mass spectrometry and their elution volume was plotted versus the Log 
of the corresponding molar mass. 
 
Table 2.3.2 – MALDI-MS molecular mass determination of three fractions of 2 
mM NaClO treated cepacian 
Fraction Masses of permethylated 
degraded cepacian 
Calculated masses of 
degraded cepacian 
A 41200 35600 
B 20100 17400 
C 7100 6100 
 
2.3.3 MALDI-MS analysis of single fractions isolated by GPC 
 
A sample of deacetylated cepacian was degraded with 6O mM NaClO and single 
fractions were obtained from GPC. These fractions were analyzed by MALDI-MS in 
the negative ion mode. In particular one fraction, named Cep-deAc-60, gave the most 
interesting spectrum (figure 2.3.6). This spectrum indicated that Cep-deAc-60 is 
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composed of a mixture of oligosaccharides containing at least 8 different species 
differing by one hexose unit. In order to gain information on the nature of such 
oligosaccharides, the ion at m/z 1957.61 was subjected to MS2 (figure 2.3.7).  
 
 
Fig. 2.3.6 –MALDI-MS spectrum of fraction Cep-deAc-60, single fraction of deacetylated cepacian 
degraded with 60 mM NaClO separated by GPC. 
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Fig. 2.3.7 – fragmentation (MS2) spectrum of ion at 1957.61 m/z of MALDI-MS spectrum of  Cep-
deAc-60. 
 
The interpretation of the spectrum started with the ion at m/z 321.0 which was 
assigned to the dehydrated disaccharide Rha-GlcA. Keeping in mind that 
fragmentation can arise from both reducing and non-reducing end, from the 
assignments of the detected peaks (table 2.3.3) it was possible to propose a structure 
(figure 2.3.8, A) for the oligosaccharide representing the fragment ion at m/z 1635.6. 
The difference between this fragment and the parent ion corresponds to another 
disaccharide Rha-GlcA, which can be added to either the α-Man residue at the non 
reducing end or to the β-Glc unit at the reducing end, thus generating two different 
oligosaccharides (figure 2.3.8, B and C respectively) 
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Table 2.3.3 – assignments of peaks in MS2 spectrum of parental ion at m/z 1957.61 
m/z assignment ion type 
321.1 Rha-GlcA [M-18-H]-1 
483.1 Rha-GlcA + 1Hex [M-18-H]-1 
501.1 Rha-GlcA + 1Hex [M-H]-1 
645.2 Rha-GlcA + 2Hex [M-18-H]-1 
807.2 Rha-GlcA + 3Hex [M-18-H]-1 
825.2 Rha-GlcA + 3Hex [M-H]-1 
969.3 Rha-GlcA + 4Hex [M-18-H]-1 
987.3 Rha-GlcA + 4Hex [M-H]-1 
1131.4 Rha-GlcA + 5Hex [M-18-H]-1 
1149.4 Rha-GlcA + 5Hex [M-H]-1 
1293.4 Rha-GlcA + 6Hex [M-18-H]-1 
1311.4 Rha-GlcA + 6Hex [M-H]-1 
1455.5 Rha-GlcA + 7Hex [M-18-H]-1 
1473.5 Rha-GlcA + 7Hex [M-H]-1 
1617.5 Rha-GlcA + 8Hex [M-18-H]-1 
1635.5 Rha-GlcA + 8Hex [M-H]-1 
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Fig. 2.3.8 – proposed structures for MS2 fragment at 1635.6 m/z (A) and parent ion 1957.61 (B, C) 
 
Table 2.3.4 – assignments of main peaks in MALDI-MS spectrum of Cep-deAc-60 
Ion at m/z Composition of assigned oligosaccharides 
1471.42 2 GlcA, 2 Rha, 5 Hex 
1633.46 2 GlcA, 2 Rha, 6 Hex 
1795.61 2 GlcA, 2 Rha, 7 Hex 
1957.61 2 GlcA, 2 Rha, 8 Hex 
2119.56 2 GlcA, 2 Rha, 9 Hex 
2281.60 2 GlcA, 2 Rha, 10 Hex 
2443.63 2 GlcA, 2 Rha, 11 Hex 
2605.71 2 GlcA, 2 Rha, 12 Hex 
 
Therefore, the parent ion at 1957.61 m/z is compatible with two different 
structures, which most probably coexist in solution. Once the structure of the parent 
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ion at m/z 1957.61 was determined, the other ions present in the initial MALDI-MS 
spectrum were assigned (table 2.3.4). 
In conclusion, the sample Cep-deAc-60 contained a mixture of oligosaccharides 
ranging in molecular mass from 1,400 to 2,600 Da. These oligosaccharides differ in 
their composition for the number of hexose units and each ion detected by mass 
spectrometry can represent more than one oligosaccharide structure. Moreover, the 
ion signals corresponding to each oligosaccharide (table 2.3.4) are flanked by a 
relative high number of other signals forming ions’ clusters (figure 2.3.6). The 
complexity of each ions’ cluster was not resolved and it indicated a relative high 
number of derivatives, most probably due to intra-ring oxidation, as reported in the 
literature. For example, hypochlorite oxidation of glucuronic acid resulted in intra-
ring oxidation with formation of aldehydic and carboxyl functions on vicinal diols, 
and oxidation to carboxyl of the C1 aldehydic group (Jahn et al. 1999). In NaClO 
oxidised starch, the formation of carboxyl functions on vicinal C2 and C3 was 
reported (Teleman et al. 1999). Treating hyaluronan with NaClO, acetamidosugars 
are converted to chloramides and the formation of radicals was observed. The 
presence of unpaired electrons starts a set of reactions which cleave the backbone of 
the polysaccharide, resulting in the formation of a carbonyl derivative at carbons 
formerly involved in glycosidic bonds (Rees et al. 2003). Other common derivatives 
found in mass spectra of carbohydrates are dehydrated species, which contribute to 
increase the number of detected ions. Cepacian has (1→3) linkages in the backbone 
(figure 1.4), therefore these reactions can occur only in the side chain residues and at 
the reducing end. Nevertheless, the relative high number of side chains offers 
abundant oxidation sites and may justify the complexity of the ions’ clusters. 
 
2.3.4 NMR analysis of single fractions isolated by GPC 
 
Each of the NaClO treated samples produced (see paragraph 2.3.2) was analyzed 
by NMR spectroscopy. Considering high molecular weight fractions, the only clear 
information obtained from 1H-NMR spectra concerned the degree of acetylation. 
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More detailed information was obtained on low molecular weight fractions, as 
explained afterwards. 
Concerning the degree of acetylation it was observed that by increasing the initial 
concentration of NaClO, there was a progressive deacetylation of the EPS. The 
anomeric signals between 5.0 and 5.7 ppm were integrated and set at the value of 4.0. 
Then, two other signals were integrated for evaluation of acetylation degree and 
branching degree: acetyl CH3 signal at 2.2 ppm and Rha CH3 signal at 1.24 ppm. 
While the relative area of the Rha signal didn’t change, the acetyl signal decreased 
at the increasing of NaClO initial concentration (table 2.3.5), thus indicating a 
progressive deacetylation. 
 
Table 2.3.5 – variation of acetylation degree and branching degree in cepacian 
after different NaClO treatment by integration of proper signals in 
1H-NMR spectra. The number of acetyls per RU and the number of 
Rha residue per RU are shown for each initial NaClO concentration. 
NaClO (mM) Acetyls/RU Rha/RU 
0.0 3.4 1.0 
0.4 2.6 1.1 
2.0 2.1 1.0 
15.0 1.5 0.9 
60.0 1.0 0.9 
 
For detailed NMR spectroscopy a sample of deacetylated cepacian degraded with 
60 mM NaClO was separated by GPC and only the fractions with a molecular mass 
range of 1,000-2,500 Da, very close to that of the Cep-deAc-60 sample used for 
MALDI-MS, were analyzed. 
In this way, the data obtained from MALDI-MS studies could be used for NMR 
interpretation. The 1H-NMR spectrum obtained was well resolved due to the low 
molecular weight of the analyzed species. An expansion of the 1H-NMR anomeric 
region, together with that one of deacetylated, non-oxidized cepacian used for 
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comparison, is shown in figure 2.3.9. Although the spectrum was rather complicated 
to analyse, due to the chemical inhomogeneity of the sample, as also discussed in the 
interpretation of the MALDI-MS data (see paragraph 2.3.3), it was possible to get 
some structural evidences.  
 
Fig. 2.3.9 – expansion in the anomeric region of 1H-NMR spectra of deacetylated cepacian (black) 
and low molecular mass deacetylated cepacian after treatment with 60 mM NaClO (blue). 
 
The following discussion is also based on the data obtained investigating COSY, 
TOCSY, and HSQC plots. The main features of the 1H-NMR spectrum of NaClO 
treated cepacian sample, with respect the native one, are hereafter reported and are 
discussed on the basis of the MALDI-MS findings.  
I.  
The GlcA H1 signal is doubled at 5.51 and 5.55 ppm. The Rha H1 signal is also 
doubled. The doubling of both signals was due to the presence of GlcA residues 
differently substituted (figure 2.3.8, C) due to some loss of terminal Gal residues from 
the Gal-Rha lateral chain. 
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II. 
The t-α-Gal H1 signal is still present, however the Man H1 to t-α-Gal H1 
integration ratio raised up to 2 (it was 1 in the native polymer). Actually, the loss of 
several Gal residues from cepacian lateral chains increased the Man/Gal ratio. 
III. 
The Man H1 signal became a multiplet. Parallel to GlcA and Rha anomeric 
protons, also Man anomeric protons experience different chemical environments thus 
producing multiplets. 
IV. 
A new doublet with coupling constant J=3.5 Hz appeared at 4.95 ppm. This 
resonance gives an integration value of 0.5 with respect to the Man H1 signal; 
correspondingly, the β-Glc H1 signal (4.76 ppm, J=8.2 Hz) lowered its integration 
ratio with respect to the Man H1 from 1 to 0.5. The doublet at 4.95 ppm, not present 
in the non-oxidized deacetylated cepacian 1H-NMR spectrum, could be produced by 
the α to β equilibrium of the newly formed reducing Glc residue. 
Other NMR signals present in the 1H-NMR spectrum of the NaClO treated 
cepacian sample are rather difficult to interpret due to the heterogeneities of the 
species produced by ROS action and were not assigned. Nevertheless, the good 
agreement between MS and NMR data fully justify the structural details proposed for 
the cepacian oligomers obtained.  
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2.4 Investigation on exopolysaccharides of biofilms produced by Burkholderia 
cepacia complex strains 
 
The production of biofilms from Bcc strains and their compositional analysis with 
respect to EPS is described in this chapter. Bcc strains are known to be frequently 
good biofilm producer, thus making their infections worse, but little is known about 
the composition of the biofilm matrix of these strains. In particular, it is interesting to 
compare the structure of EPSs produced in biofilm with that of known EPS 
biosynthesized in planktonic conditions. 
Many laboratory conditions have been devised for biofilm formation (see 
paragraph 1.4.1). Each growth condition might be the best choice for a particular 
purpose and for this reason three of them were used. 
 
2.4.1 Biofilm production and colorimetric assay 
 
A common technique for biofilm identification is a 96-wells microtiter plate 
culture and subsequent colorimetric assay (Stepanovic et al. 2000). Two Bcc clinical 
isolates were chosen and tested for their capability of biofilm forming. BTS2 is a 
clinical isolate collected in Trieste. It has been classified as B. cenocepacia and during 
preliminary analysis it resulted to be the best biofilm producer among the available 
strains. C1576 is a clinical isolate recommended as reference strain of B. multivorans. 
It was chosen to compare it with BTS2. Several growth conditions were tested, 
changing the incubation time and the initial concentration of bacteria. In particular, 
bacteria were grown for either 1 or 5 days, and initial concentrations of 106, 107 and 
108 CFU/mL were tested.  
Bacteria were cultured overnight and diluted to the desired concentration in YEM 
medium. The concentration of the bacteria was checked by measuring the absorbance 
of the solution at 600 nm. The bacteria were then transferred in the wells of a 
microtiter plate. After the incubation time, the absorbance at 600 nm of each well was 
measured, in order to evaluate the growth of the bacteria. Then planktonic bacteria 
were washed away and only adhered bacteria, that means biofilm, were stained with 
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crystalviolet. The intensity of the staining was directly related to the quantity of 
biofilm produced in each well. 
In order to normalize the data for the bacterial growth, the quantity of biofilm 
produced is usually calculated as “biofilm index”, that means the ratio between the 
absorbance at 600 nm before washing of planktonic bacteria and the absorbance of 
CV staining. Initially, the biofilm index was at first evaluated for different starting 
concentration of bacteria. Both BTS2 and C1576 strains were diluted at 106, 107 and 
108 CFU/mL and grown for 24 h in YEM medium at 30 °C. It resulted that C1576 
was not capable of biofilm formation, while BTS2 was a good biofilm producer 
(figure 2.4.1). It was also observed that, while the planktonic growth of bacteria was 
related to the initial concentration of CFU, the biofilm production was poorly related 
to it. If the quantity of biofilm produced is constant while the concentration of 
planktonic bacteria increases, the biofilm index decreases (figure 2.4.1).  
 
 
Fig. 2.4.1 – Biofilm index calculated for 24 h growth in microtiter dish of C1576 and BTS2 strains 
starting from 106, 107 and 108 CFU/mL initial concentrations 
 
These preliminary experiments were used to chose the best initial concentration for 
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measuring the biofilm index after 5 days of growth in comparison to 24 h. However, 
no differences in biofilm growth were detected. This stopping in biofilm production 
after 24 h could be due to the limited amount of nutrients in the well.  
 
2.4.2 Biofilm production on solid medium 
 
The growth of biofilm in microtiter plates is a good method for colorimetric 
assays, but it is useless for the purification of the matrix polymeric substances, due to 
the low amount of material produced. For this purpose, bacteria were cultured on a 
semipermeable membrane laying on a YEM agar plate (Steinberger et al. 2002). The 
membrane is the abiotic surface while the solid medium below the membrane 
provides nutrients (see paragraph 1.4). 
Bacteria were grown overnight in YEM liquid medium and then diluted in 0.9% 
NaCl to a concentration of 106 CFU/mL. An aliquot of 10 L of this solution was 
spotted on the membrane and the biofilm grown from 1 to 7 days. For comparison, the 
same quantity of bacteria was also spotted directly on an agar plate without any 
membrane. 
The morphology of the colonies in biofilm and non-biofilm growth conditions 
were very different. On the membrane, the bacteria were much more motile and 
spread along its surface (figure 2.4.2). Both C1576 and BTS2 were mucoid in both 
growth conditions. 
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Fig. 2.4.2 – Comparison between BTS2 bacteria grown on agar plate (A, B, C, D) and on 
semipermeable membrane on agar plate (E, F, G, H) after different times: 1 day (A, E), 2 days (B, 
F), 5 days (C, G) and 7 days (D, H). Images not in scale. 
 
A large morphological difference was observed between the two strains when 
cultured on the membrane. C1576, the non-biofilm producing strain (according to the 
CV assay), was more motile and had a watery aspect (figure 2.4.3). 
 
 
Fig. 2.4.3 – Comparison between BTS2 (A to E) and C1576 (F to L) bacteria grown on 
semipermeable membrane on agar plate after different times: 3 days (A, F), 4 days (B, G), 5 days 
(C, H), 6 days (D, I) and 7 days (E, L). Images not in scale. 
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The observation of significant morphological differences between the two growing 
conditions confirms that the interposition of a semipermeable membrane between 
bacteria and solid medium activates a different mode of growth.  
Moreover, this mode of growth apparently does not distinguish a biofilm producer 
strain (BTS2) from a non-biofilm producer strain (C1576), as defined by CV assay on  
microtiter plates.  
 
2.4.3 Biofilm matrix composition, polysaccharides and proteins content 
 
The amount of material produced by bacteria grown on the membranes allowed to 
harvest their biofilms. The membranes were removed from the Petri dishes and put 
into a 50 mL conical tube with 5 or 10 mL of 0.9% NaCl. After vigorous shaking the 
clean membrane was removed, the suspension was centrifuged and sterile-filtered. 
The obtained solution contained all the soluble extracellular substances of the 
harvested biofilms.  
The Bradford colorimetric assay (Bradford, 1976) was chosen for the 
quantification of the protein content, and the Dubois colorimetric assay was chosen 
for the quantification of the saccharidic content (Dubois et al. 1956). 
Data were collected from each sample, specifically from BTS2 and C1576 after 1, 
2, 5 and 7 days of growth on agar plates and on membrane on agar plates (table 2.4.1). 
The results showed a large difference between the two strains. Both were able to 
produce proteins and EPS, but C1576 produced more EPS than BTS2, while BTS2 
produced more proteins than C1576 (figure 2.4.4). 
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Table 2.4.1 – protein content and saccharidic content quantified in BTS2 and 
C1576 cultures in biofilm and non-biofilm growth conditions after 
different times. The quantity are expressed in total mg harvested. 
Days of 
growth 
Saccharidic component (mg)  
BTS2 - biofilm 
Saccharidic component (mg)  
BTS2 – agar plate 
1 0.125 0.026 
2 0.296 0.182 
5 1.745 0.526 
7 8.030 0.778 
Days of 
growth 
Saccharidic component (mg)  
C1576 - biofilm 
Saccharidic component (mg)  
C1576 – agar plate 
1 0.028 0.000 
2 0.552 0.140 
5 8.640 0.886 
7 18.197 1.760 
 
Days of 
growth 
Protein component (mg)  
BTS2 – biofilm 
Protein component (mg)  
BTS2 – agar plate 
1 0.000 0.000 
2 0.085 0.000 
5 0.205 0.040 
7 0.767 0.058 
Days of 
growth 
Protein component (mg)  
C1576 - biofilm 
Protein component (mg)  
C1576 – agar plate 
1 0.000 0.000 
2 0.033 0.000 
5 0.135 0.008 
7 0.180 0.022 
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Fig. 2.4.4 – protein and sugar content of BTS2 and C1576 cultures in different growth conditions at 
different times of growth. Biofilm growth conditions (black for BTS2, blue for C1576) means 
bacteria cultured on semipermeable membrane on solid medium. Non biofilm growth conditions 
(red for BTS2, green for C1576) means bacteria cultured on agar plate. 
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2.4.4 NMR studies of exopolysaccharide produced in BTS2 biofilm 
 
The purified solutions obtained from the bacteria cultures both on agar and on 
membrane on agar were analysed by NMR spectroscopy. 
The NMR profiles of the EPSs produced by Bcc strains in planktonic conditions 
(see paragraph 1.5.2) were already known, so a full interpretation of the spectra was 
unnecessary. Even a simple 1H-NMR analysis could give the definition of the 
produced EPS or EPSs since these spectra can be considered as a sample finger print. 
The analysis was performed at 50 °C and showed the presence of two EPSs: cepacian 
and Gal-Kdo (figure 2.4.5). 
 
 
Fig. 2.4.5 – 1H-NMR of BTS2 biofilm harvested from membrane on agar plate after 7 days of 
growth. The spectrum was registered at 50 °C. Signals typical for cepacian and Gal-Kdo EPSs are 
shown. 
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From previous collected spectra it was known that BTS2 produces the same EPSs 
also when cultured on solid YEM medium. Nevertheless, the NMR profile was 
different, because the relative amount of the two polymers was not the same (figure 
2.4.6). 
 
 
Fig. 2.4.6 – 1H-NMR of EPS produced by BTS2 on YEM solid medium. The spectrum was 
registered at 50 °C. Signals typical for cepacian and Gal-Kdo EPSs are shown. 
 
The ratio between the two EPSs obtained in the two growth conditions can be 
calculated from the NMR spectra. The two signals of Gal-Kdo at 1.82 and 2.51 ppm 
are produced by the two protons of the CH2 group of 3-deoxy-D-manno-2-octulosonic 
acid (Kdo), so they were taken as the reference for the integration of the signals. In 
both NMR spectra the integrals of the two signals at 1.82 and 2.51 ppm were set to 
1.00. For the quantification of cepacian the four signals in the 5.6-5.1 ppm range, 
relative to the anomeric protons, were integrated altogether because they were not 
well separated (table 2.4.2).  
 
  
SDBM - School of 
Molecular Biomedicine 
 
 
83 
 
 
 
Table 2.4.2 – molar ratio of cepacian and Gal-Kdo produced by BTS2 in two 
different growth conditions 
 1H Gal-Kdo 4H cepacian 
YEM solid medium 1.00 8.0a 
biofilm 1.00 19.1 
a average of two different cultures 
 
In conclusion, when BTS2 was cultured on YEM agar plates the molar ratio 
between cepacian and Gal-Kdo was 2 : 1, while when it was cultured on 
semipermeable membrane on YEM agar plates the ratio was 4.77 : 1. 
Another interesting parameter to evaluate is the degree of acetylation of cepacian. 
In fact, cepacian is known to be highly acetylated, but not in a stoichiometric way. 
There are several sites of acetylation (Cescutti et al. 2011) randomly occupied and 
also the number of acetyls per RU is highly variable, depending on strain and 
bacterial growth conditions. 
The degree of acetylation of cepacian was evaluated from the NMR spectrum by 
integrating the area of the signals due to the acetyl CH3 group between 2.0 and 2.3 
ppm normalized for the area of the signal produced by the anomeric protons.  Due to 
the co-presence of two EPS’s, the contribution of the single acetyl group of the Gal-
Kdo polymer had to be subtracted. This can be done since the relative amount of the 
two polymers was previously evaluated and because it was known that the Gal-Kdo 
acetyl is present in stoichiometric amount in the polymer. The number of acetyls per 
cepacian RU is reported in table 2.4.3. 
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Table 2.4.3 – degree of acetylation of cepacian calculated from NMR spectra of  
EPSs produced by BTS2 in two different growth conditions. 
 area of 4H 
cepacian 
acetyl CH3 
signal 
cepacian 
acetyls 
cepacian 
acetyls/RU 
YEM solid medium 8.0a 15.8a 12.8 2.15 
biofilm 19.1 32.1 29.1 2.03 
a average of two different cultures 
 
The degree of acetylation of cepacian produced by BTS2 does not change 
depending on the growth conditions. 
In conclusion BTS2 produces both cepacian and Gal-Kdo in biofilm growth 
condition and also when cultured on YEM solid medium. On YEM agar plates it 
produces 76.4% (w/w) cepacian and 23.6% (w/w) Gal-Kdo. In biofilm growth 
condition it produces 88.6% (w/w) cepacian and only 11.4% (w/w) Gal-Kdo. 
 
2.4.5 Differences between BTS2 and BTS28 biofilms 
 
The availability of a clinical isolate (BTS28) obtained few years later from the 
same patient who was infected with BTS2 isolate, opened the possibility to compare 
the biofilm forming ability of the two isolates. For this, BTS28 strain was cultured on 
semipermeable membrane on YEM agar plates, and the EPS produced was isolated as 
previously described. The 1H-NMR analysis was performed at 50 °C and showed 
again the presence of cepacian and Gal-Kdo (figure 2.4.7). 
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Fig. 2.4.7 – 1H-NMR of BTS28 biofilm harvested from membrane on agar plate after 7 days of 
growth. The spectrum was registered at 50 °C. Signals typical for cepacian and Gal-Kdo EPSs are 
shown. 
 
The ratio between the two EPSs was evaluated from the NMR spectra as 
previously described (see paragraph 2.4.4). The signals integration gave a cepacian to 
Gal-Kdo molar ratio of 2.7 : 1, that means much more similar to the ratio obtained in 
non-biofilm forming growth conditions of BTS2 (table 2.4.4).  
 
Table 2.4.4 – molar ratio of cepacian and Gal-Kdo produced by BTS2 in two 
different growth conditions and by BTS28 in biofilm growth 
conditions 
 1H Gal-Kdo 4H cepacian 
BTS2 non-biofilm 1.00 8.0a 
BTS2 biofilm 1.00 19.1 
BTS28 biofilm 1.00 10.8 
a average of two different cultures 
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The degree of acetylation of cepacian produced by BTS28 was also calculated, 
giving 2.0 acetyls per RU, which was the same value found for BTS2 in both growth 
conditions. 
In conclusion BTS28 produces both cepacian and Gal-Kdo in biofilm growth 
condition, but the relative amount of the two EPSs is much more similar to that found 
for BTS2 cultured in non-biofilm forming conditions (see paragraph 2.4.4). In 
particular BTS28 produces 81.5% (w/w) cepacian and 18.5% (w/w) Gal-Kdo. 
 
2.4.6 Biofilm production on glass slides 
 
Biofilms that form at the liquid–air interface of standing liquid cultures represent 
another type of biofilm growth conditions. The lack of rapid fluid flow at the air-
exposed surface enables the formation of more complex structures. In addition the 
formation of this type of biofilm requires different bacteria skills in comparison to the 
biofilm grown on solid medium, that means the capacity to establish structured 
colonies starting from floating cells. 
BTS2 and C1576 bacteria were diluted to 106 CFU/mL in YEM liquid medium and 
transferred into sterile 50 mL conical tubes. Sterile microscopy glass slides were 
vertically set in the tubes and bacteria were cultured for seven days at 30 °C. After 
seven days the glass slides were removed and biofilm formation was clearly visible. 
Bacteria of both strains formed a slimy biofilm on the glass only at the liquid-air 
interface (figure 2.4.8), but bacteria did not establish a biofilm on submerged 
surfaces.  
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Fig. 2.4.8 – glass slides with BTS2 and C1576 biofilm formations after 7 days of growth in static 
liquid conditions. The biofilm formed only at the liquid-air interface. 
 
Again, the presence of biofilm in the culture of C1576 was surprising, because in 
the microtiter colorimetric assay this strain resulted not to be a biofilm producer (see 
paragraph 2.4.1). This evidence raises some questions about the methods used for the 
definition of a “biofilm forming” strain. 
 
Several glass slides were used at the same time, in order to collect a sufficient 
amount of BTS2 biofilm for NMR analysis. Biofilm was harvested by gently scraping 
the glass surface and washing it with 0.9% NaCl solution. Bacteria were eliminated 
by means of centrifugation and filtration. The NaCl was removed with dialysis and 
the polymeric sample was prepared for 1H-NMR spectroscopy (figure 2.4.9). 
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Fig. 2.4.9 – expansion of 2.0-5.6 ppm region of 1H-NMR spectrum of BTS2 biofilm formation on 
glass slide after 7 days of growth in static liquid conditions. The typical polysaccharidic profile is 
underlined by showing specific regions of the spectrum. 
 
The low amount of EPS isolated did not give a good spectrum and the HOD signal 
resulted to be relatively very large. Anyway, the spectrum resembled a typical 
polysaccharidic profile: 
i) few signals are visible in the anomeric region (4.5 to 5.5 ppm) 
ii) the majority of signals overlapped in the 3.0-4.5 ppm region, which is the ring 
protons region 
iii) there is a signal at 2.2 ppm corresponding to ester linked acetyls, which are 
very common in Burkholderia’s EPSs 
 
In conclusion it was not possible to characterize the polysaccharide produced by 
BTS2 in biofilm formed on a glass slide at liquid-air interface, but the slimy aspect of 
the biofilm strongly suggests the presence of one or more EPSs. 
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Although the cristal violet colorimetric assay in microtiter is considered the golden 
standard for the definition of a biofilm forming strain, the experiments conducted with 
different solid supports revealed some discrepancies. Production of biofilm by strain  
BTS2 was consistent on the different supports used. On the contrary, it was observed 
that strain C1576, defined as non-biofilm producer in microtiter plates, was capable of 
attaching to a glass surface and forming a biofilm at the liquid-air interface, similarly 
to BTS2. Therefore, distinction between strains capable or incapable of forming  
biofilms should be made after using different solid supports.  
On the other hand, biofilms produced on membranes laying on agar plates might 
lack the first step of attachment, since bacteria are deposited directly on them. 
However, growth on membranes was visually very different from that on agar plates, 
supporting the idea that it can at least mimic a biofilm, and it was the only method 
which allowed recovery of enough material to perform composition and NMR 
analysis. Although this method is reported in the literature, only further studies will 
assess if it is suitable for biofilm production.  
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3.1 Bacterial growth conditions and exopolysaccharide purification 
 
Growth conditions were specific for each bacterial strain and are listed afterward, 
while the purification of the produced exopolysaccharide (EPS) followed a common 
procedure. When bacteria were cultured on solid agar plates, the mucoid layer was 
harvested with 0.9% NaCl, sodium azide was added and the bacteria were stirred 
overnight at 10 °C. Bacterial cells were separated by centrifugation at 35,000 xg for 
30 minutes at 4 °C. The supernatant was collected and the polysaccharide was 
precipitated with 4 volumes of cold isopropanol.  
If bacteria were cultured in liquid medium the first step of the purification was the 
centrifugation. 
The polysaccharide was then dissolved in water (the water used in all experiments 
was purified using an Elix system Millipore), dialysed using a 12-14,000 Da cut-off 
membrane first against 0.1 M NaCl and then against distilled water. The solution was 
treated with NaOH to get a pH of about 7 and filtered with 0.45 μm membranes. The 
absence of nucleic acids and proteins was checked by UV spectroscopy using a 
Ultraspec 2000 (Pharmacia Biotech) spectrophotometer. Samples were recovered by 
freeze-drying.  
In addition SMA-EPS was further purified by precipitation with cetyl 
trimethylammonium bromide (Scott, 1965). This quaternary ammonium salt was 
added to the EPS solution in order to precipitate the negatively charged 
polysaccharide, granting a better purification. 
 
Growth conditions used for each strain are listed below. 
S. maltophilia: In particular strain SMHQ and strain SM248 were cultured. Strain 
SHMQ was isolated from a 15 years old cystic fibrosis (CF) patient attending the CF 
Unit of the Children’s Hospital (CHU Toulouse, France) and responsible for chronic 
colonization since the age of 4. Strain SM248 was obtained from a CF patient 
attending the Bambino Gesù Children’s Hospital (Rome, Italy). 
A plate containing solid YEM medium (20 g mannitol, 2 g yeast extract, 15 g agar 
per liter) was inoculated with a S. maltophilia bacterial stock kept at -80 °C. This 
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solid culture was then used to directly inoculate agar plates containing YEM medium, 
without growing a liquid culture, because the latter caused the appearance of non-
mucoid phenotypes. The plates were incubated at 30 °C for 4 days. 
B. vietnamiensis and B. pyrrocinia strain BTS7: The strain LMG 10929 is a type 
strain for B. vietnamiensis species and was recovered from rice rhizosphere in 
Vietnam (Gillis et al. 1995). BTS7 strain is a clinical isolate, collected from the 
sputum of a CF patient in Trieste. It has been classified as B. pyrrocinia and it’s a 
good cepacian producer (Lagatolla et al. 2002). B. pyrrocinia strain BTS7 and B. 
vietnamiensis strain LMG 10929 were grown 16 hours at 30 °C in 5 mL of LB liquid 
medium with gentle shaking. Cell suspension was diluted 1 : 1,000, and 100 μL of the 
diluted suspension were distributed on each solid YEM agar plate. Bacteria were 
cultured at 30 °C for 3 days and at room temperature for 1 day. 
BTS7 cepacian production in LB and YEM liquid media was evaluated growing 
BTS7 in 50 mL broth at 30°C for 24 h in orbital shaking. 
B. cenocepacia strain BTS2 and BTS28: BTS2 strain is a clinical isolate 
collected in Trieste. It has been classified as B. cenocepacia. BTS28 strain has been 
isolated from the same CF patient that provided the BTS2 strain, but several years 
later. These two strains were cultured only for evaluating their biofilm production 
ability (see paragraph 3.1.1). 
B. multivorans strain C1576: This is a reference strain of B. multivorans. It was 
recovered from a CF patient in Glasgow, Scotland, and was the index strain in an 
outbreak among 17 pediatric CF patients attending a treatment center in which five 
children died after colonization (Whiteford et al. 1995). This strain was also cultured 
only for evaluating its biofilm production ability (see paragraph 3.1.1). 
P. aeruginosa: P. aeruginosa strain PAO1 was grown directly on Pseudomonas 
Isolation Agar (20 g peptone, 3 g MgCl2x6H2O, 10 g K2SO4, 20 mL glycerol, 15 g 
agar per liter) plates at 37°C for one night followed by 2 days of incubation at room 
temperature. 
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3.1.1 Bacterial biofilm production microtiter assay  
 
B. cenocepacia clinical isolates BTS2 and BTS28 and the reference strain of B. 
multivorans C1576 were grown 16 hours at 30 °C in 5 mL of YEM liquid medium 
with gentle shaking. Then the solution was diluted and the absorbance at 600 nm was 
measured. Preliminary studies (data not shown) correlated an absorbance at 600 nm of 
0.013 to a concentration of about 106 CFU/mL. Bacteria were diluted in YEM liquid 
medium to final concentrations of 106, 107 or 108 CFU/mL.  
An aliquot of 200 L of bacterial suspension were inoculated in each well of a 96-
wells microtiter plate and bacteria were grown at 30 °C for 1 or 5 days (Stepanovic et 
al. 2000). After the growth time, absorbance at 620 nm was measured with a plate 
reader (Hidex Chameleon) interfaced with a computer via MikroWin 2000 software. 
Planktonic bacteria were then removed by removing the liquid medium and washing 
the wells with 150 L 0.9% NaCl solution three times. Remaining sessile cells and 
biofilm matrix were fixed with 150 L methanol for 20 min, then methanol was 
removed and the plate was dried overnight. Each well was stained with 150 L of a 
2% crystal violet (CV) solution in 20% ethanol  for 15 min in the dark. CV solution 
was removed and wells washed very well with water. Finally in each well 150 L of a 
33% acetic acid solution were added and after 30 min in the dark the absorbance at 
544 nm was measured. 
 
3.1.2 Bacterial biofilm growth conditions on solid medium 
 
Circles with the diameter of a Petri dish were cut out from a dialysis membrane 
(Sigma, cut-off 12,400 Da, flat width 76 mm). Membranes were boiled 15 min in a 
5% Na2CO3 solution and 15 min in distilled water. Afterwards they were sterilized in 
autoclave and transferred on sterile YEM agar plates. Excess water was evaporated in 
laminar flow cabinet. 
BTS2, BTS28 and C1576 strains were grown 16 hours at 30 °C in 5 mL of YEM 
liquid medium with gentle shaking. Then the solution was diluted and the absorbance 
at 600 nm was measured. Bacteria were diluted in 0.9% NaCl to final concentrations 
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of 106 CFU/mL, that means an absorbance value at 600 nm of 0.013. An aliquot of 10 
L of the final solution were spotted on YEM agar plates for non-biofilm growth 
conditions. Similarly 10 L of the solution were spotted on membranes on YEM agar 
plates for biofilm growth conditions. Bacteria were grown 1, 2, 5 or 7 days at 30 °C. 
Non-biofilm grown bacteria were harvested with 2 mL of 0.9% NaCl solution. 
Membranes carrying the biofilm were removed and disposed in 50 mL conical tubes 
with 5 or 10 mL 0.9% NaCl solution each. After vigorous shaking the clean 
membranes were removed. Both types of cell suspension were centrifuged and 
supernatant was finally filtered with 0.22 m sterile filters. For colorimetric assays 
the solutions were tested without further treatments within few hours from harvesting 
or were kept frozen in order to avoid possible digestion of protein content if proteases 
were present in the sample. For NMR studies the solutions were previously dialysed. 
 
3.1.3 Bacterial biofilm growth conditions on glass slides in liquid medium 
 
For biofilm production on glass slides at liquid-air interface the procedure was as 
follow. 
About 30 mL of fresh YEM medium were prepared in 50 mL conical tubes. In 
each tube a glass slide was vertically set and all tubes were sterilized in autoclave. 
BTS2 bacteria were grown 16 hours at 30 °C in 5 mL of YEM liquid medium with 
gentle shaking. Then the solution was diluted and the absorbance at 600 nm was 
measured. Bacteria were disposed in the tubes to a final concentration of 106 
CFU/mL. Bacteria were grown 7 days at 30 °C. Biofilm was harvested by gentle 
scraping of the glass slide with the tip of the automatic pipette with 1 mL 0.9% NaCl 
solution. For NMR studies the solution was previously dialysed. 
 
3.2 General procedures  
 
Colorimetric total sugar assay was performed according to Dubois using the 
phenol-sulphuric acid assay (Dubois et al. 1956). Two hundred L of a 5 % phenol 
solution were added to 200 L of sample or standard Glc 0.02-0.1 mg/mL in a test 
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tube. An aliquot of 1.0 mL of concentrated sulphuric acid was vigorously added to the 
solution and the tubes were kept at room temperature (RT) for 10 min. Then they 
were shaken and after 30 min the absorbance at 490 nm was measured. The 
concentration of sugars in the sample was obtained from a standard curve. 
Colorimetric uronic acid assay was performed according to Blumenkrantz and 
Asboe-Hansen (Blumenkrantz & Asboe-Hansen, 1973). Briefly, 1.2 mL of a 0.0125 
M Na2B4O7 solution in concentrated H2SO4 were added to 200 L of sample or 
standard GlcA 0.02-0.1 mg/mL in a test tube, while tubes were kept in ice bath. The 
tubes were heated in boiling water for 5 min and then cooled again. To each tube 20 
L of a 0.15% m-hydroxybiphenil solution in 0.5% NaOH were added. After shaking 
absorbance at 520 nm was measured. The concentration of sugars in the sample was 
obtained from a standard curve. 
Bradford colorimetric protein assay (Bradford, 1976) was performed following 
the instructions of the commercial Bradford solution. Where possible the microassay 
was chosen, mixing 0.5 mL of sample with 0.5 mL of Bradford reagent. Otherwise 
the standard assay was used, mixing 50 L of sample with 1.50 mL of Bradford 
reagent. Absorbance at 595 nm was measured after 10 min. Bovine serum albumin 
(BSA) was used for the standard curve at the following concentrations: 2-40 g/mL 
for microassay and 0.2-1.0 mg/mL for standard assay. 
Deacetylation was performed by dissolving the samples in 10 mM NaOH at 1% 
w/v concentration and stirring the solution under a nitrogen flow for 5 h at RT, except 
native SMA-EPS, which was treated with 0.2 M NaOH at RT for 5 h. Generally 
native SMA-EPS was much more resistant to hydrolysis. 
Permethylation of oligosaccharides: permethylation of oligosaccharides was 
performed using the protocol by Dell (Dell, 1990). Oligomers were suspended in 
about 0.5 mL of a slurry of solid NaOH in dimethyl sulfoxide (DMSO) and about 0.5 
mL of CH3I were added. The mixture was then stirred at RT for 30 min. The reaction 
was stopped by adding 1 mL H2O and the samples were purified by repeated H2O : 
CHCl3 washing. 
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3.2.1 Gel Permeation Chromatography  
 
Gel Permeation Chromatography (GPC) was performed on the appropriate column 
choosing between four different columns with different separation ranges (table 3.1). 
 
Table 3.1 – columns used for GPC separations 
Column i.d. and length Separation range (Da) 
Bio-Gel P2 1.6 cm x 90 cm 100 – 1,800 
Bio-Gel P10 1.6 cm x 90 cm 1,500 – 20,000 
Sephacryl S-300 1.6 cm x 90 cm 2,000 – 400,000 
Sephacryl S-400 1.6 cm x 90 cm 10,000 – 2,000,000 
 
Elution was monitored using a refractive index detector (WGE Dr. Bures, 
Labservice Analytica, or Knauer, Labservice Analytica), which was connected to a 
paper recorder (Kipp & Zonen) and interfaced with a computer via PicoLog software. 
Where required, fractions were collected at regular intervals with a fraction collector 
(Pharmacia Biotech, Frac-100). 
High Performance Size Exclusion Chromatography (HP-SEC) was performed on a 
Agilent Technologies, 1200 series HPLC equipped with three columns in series 
(Tosoh Bioscience, TSKgel G3000PW, G5000PW and G6000PW, i.d. 7.5 mm, length 
30 cm) kept at 40 °C with a thermostat (Waters Millipore). Elution was monitored 
using a refractive index detector (Knauer, Labservice Analytica), which was 
interfaced with a computer via Agilent software. 
 
Purification of BV-EPS: The EPSs produced by B. vietnamiensis were separated 
on GPC and HP-SEC.  
GPC separation was performed on a Sephacryl S-300 column using 0.05 M NaNO3 
as eluent and a flow rate of 6 mL/h. EPSs (about 30 mg) were dissolved in 2 mL of 
eluent and loaded in GPC. Fractions were collected at 20 min intervals. Fractions 
corresponding to the higher molar mass peak of each run were pooled together and 
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dialysed against 0.1 M NaCl and then against distilled H2O using a 12-14,000 Da cut-
off membrane. 
HP-SEC separation was performed using 0.15 M NaCl as eluent and a flow rate of 
0.4 mL/h. EPSs (about 25 mg) were dissolved in 2.5 mL of eluent and 100 L were 
loaded for each run until all sample was loaded. Fractions were collected at 1.0 min 
intervals. Fractions corresponding to the higher molar mass peak of each run were 
pooled together and dialysed against 0.1 M NaCl and then against distilled H2O using 
a 12-14,000 Da cut-off membrane. 
GPC of NaClO degraded cepacian: cepacian solutions degraded with NaClO 
during viscometric analysis (see paragraph 3.2.10) were freeze-dried and subjected to 
GPC on a Sephacryl S-300 column. Samples were dissolved in eluent, a 0.05 M 
NaNO3 solution, at a final concentration of about 15 mg/mL. Separations were 
performed with 6 mL/h flow rate and fractions were collected every 20 minutes.  
Calibration of the gel permeation Sephacryl S-300 column was performed using 
the chromatogram of cepacian after treatment with 2 mM ClO-. Selected fractions 
were permethylated (Dell, 1990) and subjected to MALDI-MS analysis (see 
paragraph 3.6). 
 
3.2.2 Gas-chromatographic composition analysis  
 
Hydrolysis of the samples (about 1 mg), for alditol acetates, were performed in 
about 2 mL of 2 M trifluoroacetic acid (TFA) for 1 h at 125 °C, except native SMA-
EPS, which was hydrolyzed in 2 M TFA for 2 h at 125 °C. Samples were then dryed 
under nitrogen flow and dissolved in 1 mL distilled water with 100 L of 1 M 
NH4OH solution. The monosaccharides where then reduced to alditols with NaBH4 at 
RT for 16 h. After neutralization with 50% acetic acid the samples were washed three 
times with 10% acetic acid in methanol and three times with methanol, drying the 
samples after each step. Acetylation was achieved by adding about 0.5 mL of acetic 
anhydride to the sample, with the addition of two drops of pyridine as catalyst. Finally 
the alditol acetates were purified by repeated water-chloroform washing (Albersheim 
et al. 1967). 
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Methanolysis, for trimethylsilyl (TMS) derivatization, was conducted for 16 h at 
85 °C with 1 M HCl in methanol or 2 M HCl in methanol for the native SMA-EPS. 
HCl was neutralized with AgCO3, centrifuged and the supernatant methanol was 
evaporated to dryness. The addition of about 0.5 mL of a commercial mixture of 
hexamethyldisilylazane (HMDS), trimethylchlorosilane (TMCS) in pyridine (3 : 1 : 9) 
for 1 h at RT led to complete trimethylsilylation. Finally an extraction in hexane 
purified the TMS methylglycosides. 
Alditol acetates gas-chromatography (GC) was performed on a Perkin-Elmer 
Autosystem XL gas chromatograph equipped with a flame ionisation detector and an 
SP2330 capillary column (Supelco, 30 m), using He as carrier gas. The following 
temperature programme was used: 200-245 °C at 4 °C/min. 
For TMS methylglycosides a HP1 column (Hewlett–Packard, 50 m) was used with 
the following temperature programme: 150-280 °C at 3 °C/min. 
 
3.2.3 Gas-chromatographic linkage analysis  
 
Permethylation was achieved following the protocol by Harris (Harris et al. 1984). 
Under nitrogen atmosphere a KH 100 mg/mL solution in anhydrous DMSO was 
prepared. About 200 L of this solution were added to 200 L of EPS solution 5 
mg/mL in DMSO and the mixture was shaken for 10 min. Then it was frozen in ice 
bath and 200 L of cold CH3I were added. The tube was kept at RT until the ice melt 
and then the mixture was shaken. After 10 min the permethylated EPS was recovered 
by repeated water-chloroform washing. Then alditol acetates were obtained as 
described. 
Partially methylated alditol acetates were analyzed on an Agilent Technologies 
7890A gas chromatograph equipped with an SP2330 capillary column coupled to a 
mass spectrometer Agilent Technologies 5975C VL MSD using the following 
temperature programme: 150-250 °C at 4 °C/min.  
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3.2.4 Gas-chromatographic absolute configuration analysis  
 
Production of TMS derivatives was performed as described, but before 
trimethylsilylation the methylglycosides were butanolyzed with 1 M HCl in 2-S-
butanol 8 h at 80 °C. (Gerwig et al. 1978) 
Separation of the TMS 2-S-butylglycosides was obtained on a HP1 column, using 
the following temperature programme: 135-240 °C at 1 °C/min.  
 
3.2.5 Partial hydrolysis of exopolysaccharides and purification of 
oligosaccharides 
 
SMA-EPS was treated with 2 M TFA at 100 °C for 2 h, the sample was then 
evaporated to dryness several times and subsequently neutralized. The products were 
separated by GPC on a Bio-Gel P2 column using 0.05 M NaNO3 as eluent, and a flow 
rate of 6 mL/h. Fractions were collected at 20 min intervals and those belonging to the 
peak named FR-II (see paragraph 2.1.6) were pooled together, dialysed using a 1,000 
Da cut-off membrane and freeze-dried. The products which eluted in the void volume 
of the column (FR-I) were subsequently separated on a Bio-Gel P10 column  using 
the same eluent and experimental settings, except for the collection time interval 
which was 15 min. Selected fractions belonging to the peak named FR-I.4 (see 
paragraph 2.1.6) were pooled together, dialysed using a 1,000 Da cut-off membrane 
and freeze-dried.  
BV-EPS was treated with 0.5 M TFA at 80 °C for 1 h, then the solution was 
neutralized with NH4OH. The ammonium salt was partially evaporated and finally 
removed with a dialysis using a 1,000 Da cut-off membrane. The oligomers were 
recovered by freeze-drying and separated by GPC on a Bio-Gel P2 column using 0.05 
M NH4Ac as eluent, and a flow rate of 6 mL/h. Fractions were collected at 15 min 
intervals.  
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3.2.6 Reduction of carboxylic groups  
 
Carboxylic groups of uronic acids in EPSs were reduced to alcohols. 
SMA-EPS was treated with 0.5 M TFA at 100 °C for 1 h to reduce its molecular 
mass; 47 mg were dissolved in 22 mL of water and treated with 430 mg of N-(3-
dimetilamminopropil)-N’-etilcarbodiimmide (ECD). The pH of the solution was kept 
at 4.75 for 2 h with addition of 0.1 M HCl when required (Taylor & Conrad, 1972). 
The reduction was performed with the addition of NaBH4 to a final concentration of 2 
M and stirring at RT for 2 h. The solution was neutralized by adding 50% aqueous 
acetic acid, and dialysed (cut-off 1,000 Da) and 30 mg was recovered by freeze-
drying (SMA-EPS-R).  
BV-EPS (11.5 mg) was dissolved in 6 mL of water and treated with 123 mg of 
ECD. The pH of the solution was kept at 4.75 for 2 h with addition of HCl 0.1 M 
when required (Taylor & Conrad, 1972). The reduction was performed with the 
addition of NaBD4 to a final concentration of 2 M and stirring at RT for 2 h. The 
solution was neutralized by adding 50% aqueous acetic acid, and dialysed (cut-off 
1,000 Da) and 7.6 mg was recovered by freeze-drying (BV-EPS-R). 
 
3.2.7 De-etherification of  ether linked substituents 
 
The removal of the hydroxyisopropanol substituent, derived from reduction of 
lactate, was achieved by permethylation (Harris et al. 1984) of SMA-EPS-R and 
treatment with BBr3 according to Hough and Theobald (Hough & Theobald,1963). 
BBr3 (about 1 g) was kept at -80 °C in a dry ice/acetone bath and a cold solution of 
permethylated EPS in CH2Cl2 was added under nitrogen atmosphere. After 30 
minutes the solution was taken out from the cold bath and left at RT under stirring for 
16 h. Finally the sample was dried out under nitrogen flow and the solid residue 
washed three times with methanol. 
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3.2.8 Determination of the lactate absolute configuration  
 
Determination of the lactate absolute configuration in SMA-EPS was achieved 
resorting to the specificity of enzymes, which required cleavage of the ether linkage 
without inversion of lactate configuration. 
Taking advantage of the lactate substitution in position 3 of the sugar ring, it was 
possible to perform a -elimination reaction (Tipper, 1968) on the isolated substituted 
monosaccharide. Isolation of the lactate-substituted monosaccharide was achieved 
through Smith degradation (see paragraph 3.2.9) of the native polysaccharide. 
Treatment of the lactate-substituted monosaccharide (1 mg) with alkali, in particular 
0.08 M phosphate buffer pH 12 at 37 °C for 18 h, resulted in -elimination of the 
substituent and formation of an unsaturated monosaccharide. The solution was 
neutralized with HCl and the completeness of the reaction was checked resorting to 
thin layer chromatography (TLC) on silica gel on aluminium foil (Fluka) using 
CH3OH : CHCl3 : H2O (20 : 20 : 7) as eluent and a 3% (w/v) solution of 
permanganate in H2SO4 as development reagent. The reaction mixture was directly 
used as a source of substrate for the enzymatic tests: two different enzymatic kits 
were used, one containing S-lactate dehydrogenase (E.C.1.1.1.27) (Boehringer 
Mannheim) and the other R-lactate dehydrogenease (E.C.1.1.1.28) (Megazyme). The 
oxidation of lactate to pyruvate was monitored by measuring the production of the 
reduced coenzyme NADH, following the increase in absorbance at 340 nm. The 
reactions were set up following the instructions of the enzymatic kits. 
 
3.2.9 Smith degradation of exopolysaccharides and purification of 
oligosaccharides 
 
SMA-EPS was subjected to complete oxidation with NaIO4 (Hay et al. 1965; 
Goldstein et al. 1965), by dissolving 150 mg of polymer in 150 mL of 9.5 mM NaIO4 
and incubating at 4 °C for 7 days. The reaction was stopped by addition of glycerol 
and NaBH4 was added until a pH value of about 10 was reached. Addition of 50% 
acetic acid after 16 h destroyed the excess of reducing reagent, the sample was 
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dialysed and the solution volume subsequently reduced to 50 mL. TFA was added to 
have a final concentration of 2 M and the hydrolysis was conducted at 100 °C 18 h. 
The steps of the procedure are depicted, for a generic EPS, in figure 3.1. 
 
 
Fig. 3.1 – schematic representation of Smith degradation for a generic EPS with a 1,4-linked Glc 
residue 
 
After cooling, the sample was taken to dryness under reduced pressure. It was 
dissolved in water, its pH was adjusted to neutrality, and the sample was recovered by 
freeze-drying. It was separated on a Bio-Gel P2 column eluted with water. The flow 
rate was 6 mL/h and fractions were collected at 20 min intervals. Following the 
separation trend, selected fractions were analyzed by 1H-NMR and ESI-MS (data not 
shown). Fractions containing the lactate-substituted monosaccharide, which was 
unexpectedly originated due to the quite strong hydrolysis conditions, were pooled 
together, separated again on the same Bio-Gel P2 column using the same 
experimental conditions, and 13 mg of sample were recovered by freeze-drying.  
deAc-BV-EPS (5.4 mg) was oxidized with NaIO4 5.6 mM in 5.4 mL in presence 
of MgCl2 40 mM. The reaction was carried out for 7 days of incubation at 4 °C. 
MgCl2 was added according to Aalmo et al. (Aalmo et al. 1978) in order to increase 
the kinetic constant of the oxidative reaction on the uronic acid. The procedure then 
was the same applied to SMA-EPS, except hydrolysis, which was performed in 5 mL 
0.05 M TFA at RT for 7 days. Finally the sample was taken to dryness under reduced 
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pressure, dissolved in water, its pH adjusted to neutrality and recovered by freeze-
drying. It was separated on a Bio-Gel P2 column, eluted with 0.05 M NH4Ac. The 
flow rate was 6 mL/h. Fractions were collected at 15 min intervals and 1.9 mg of 
Smith-BV-EPS were recovered. 
 
3.2.10 Capillary viscometry measurements of exopolysaccharide’s 
degradation with NaClO 
 
Viscometric measurements were carried out using an automatic Schott-Gerate 
equipment with a Cannon-Ubbelohde suspended level capillary viscometer (diameter 
0.53 mm) immersed in a CT 1150 Schott-Gerate water thermostat (30.0 ± 0.1 °C). 
Polysaccharide solutions were prepared in 20 mM PB, and filtered on 0.45 μm 
membranes prior to analysis. The concentrations chosen for the two investigated 
polysaccharides were 0.4 mg/mL (alginate) and 0.8 mg/mL (cepacian). At the 
beginning of each experiment a volume of 12 mL of polysaccharide solution was used 
to measure the flowing time in the capillary. Subsequently, 1 mL of hypochlorite 
solution at a given concentration was added directly to the polysaccharide solution. 
Different final NaClO concentrations were tested: 0.0, 0.2, 0.3, 1.0 and 1.8 mM on 
alginate solutions and 0.0, 0.4, 1.0 and 2.0 mM on cepacian solutions. For each 
experiment data were collected continuously for the first 3 h and then the value of the 
plateau was measured after 20 h of incubation. 
 
3.3 Killing of BTS7 by NaClO  
 
BTS7 grown in YEM liquid medium was divided in two parts. One of them was 
directly treated with NaClO, the other was centrifuged at 25,000 xg for 30 min, to 
remove the EPS which remained in the supernatant. Harvested bacteria were 
resuspended in an equal volume of phosphate buffer  (PB) and treated with NaClO. 
Bacterial suspensions (0.25 mL) were added to 2.25 mL NaClO in 20 mM PB, 
reaching a final concentration of NaClO 60 μM, vortexed briefly and allowed to stand 
for 15 min. Then 1 mL was serially diluted and counted on agar plates, to evaluate 
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surviving cells. In another experiment, BTS7 grown in LB medium was centrifuged 
and resuspended as described above. Bacterial suspension (0.25 mL) was added to 2 
mL of purified cepacian (100 μg/mL or 1 mg/mL final) in PB, mixed briefly and 
allowed to stand for different times before adding NaClO and incubating for further 
15 min. Surviving cells were evaluated as described above. 
 
3.4 Degradation of cepacian with NaClO  
 
NaClO was purchased from Sigma-Aldrich as a solution (available chlorine 10-
13%) and diluted to the desired concentration by measuring the absorbance at 290 
nm. Reactions were carried out at pH 7.0 in 20.0 mM phosphate buffer (PB) since  
i) the HClO pKa is 7.54; 
ii) acid catalysed hydrolysis were avoided; 
iii) after ingestion of foreign microorganisms the pH in phagosomes increases up 
to 7.75 (Segal et al. 1981). 
 
3.4.1 Degradation of cepacian with NaClO for MS and NMR analysis  
 
Some samples of cepacian were treated with NaClO without monitoring the 
reaction by capillary viscometry. In particular:  
i) 100 mg of native cepacian were reacted with 15 mM ClO-;  
ii) 42mg of native cepacian were treated with 60 mM ClO-;  
iii) two batches of 74 mg each of deacetylated cepacian were reacted with 60 mM 
ClO-.  
Cepacian solutions were prepared at 0.8 mg/mL concentration in 20 mM PB, 
pH=7. Hypochlorite was added to reach the desired final concentration and the 
solutions were stirred at 30 °C for 20 h. Degraded samples were then dialyzed against 
water using a membrane with a molecular weight cut-off of 1,000 Da. After dialysis 
the samples were adjusted to pH 7 with NaOH and freeze dried. The samples were 
then subjected to GPC on a Sephacryl S-300 column, using 0.05 M NaNO3 as eluent, 
and a flow rate of 6 mL/h. Fractions were collected at 20 min intervals. From all these 
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separations, only fractions in the tail of the peaks were used for subsequent 
experiments.  
NMR analysis were performed after desalting of the sample via dialysis, as 
reported above. For MALDI-MS experiments the tail of the gel permeation 
chromatographic peak of the deacetylated cepacian degraded with 60 mM NaClO, 
corresponding to oligosaccharides in the mass range 1,100-6,900 Da, was desalted 
and fractionated on the same Sephacryl S-300 column which was previously 
equilibrated in water, because it was demonstrated that the lower the polydispersity of 
the sample, the better MALDI mass spectra are obtained (Garozzo et al. 1995). 
Fractions were collected every 15 min and the low molecular mass ones were 
analysed by MALDI-MS in the negative ion mode. For cepacian treated with 15 mM 
ClO-, fractions within the molecular mass range 5,000-10,000 Da were chosen for 
recording NMR spectra. 
 
3.5 NMR spectroscopy analysis  
 
The molecular mass of EPS solutions (1 g/L) was decreased by treatment with a 
Branson sonifier equipped with a microtip at 2.8 Å. Samples were cooled in an ice 
bath and sonicated using 5 bursts of 1 min each, separated by 1 min intervals. They 
were subsequently exchanged three times with 99.9% D2O by freeze-drying and 
finally dissolved in about 0.6 mL 99.96% D2O. Spectra were acquired on a VARIAN 
spectrometer operating at 500 MHz. The 2D-experiments were performed using 
standard VARIAN pulse sequences and pulsed field gradients for coherence selection 
when appropriate. HSQC spectra were recorded using 140 Hz one bond JCH constant, 
while for HMBC spectrum 8 Hz multiple bond JCH was applied. TOCSY spectra were 
acquired using different spin-lock times: 30, 50, 80, 100, 140 and 150 ms. ROESY 
spectra were acquired with 200, 300 and 400 ms mixing time and 2.0 s relaxation 
time. NOESY experiments were recorded with 100 ms mixing time and 1.5 s 
relaxation time. Chemical shifts are expressed in ppm using acetone as internal 
reference (1H at =2.225 ppm, 13C at =31.07). Where acetone was not present the 
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chemical shifts were referred to HOD, which  is temperature-dependent. NMR 
spectra were analysed using Mestre Nova software. 
SMA-EPS characterisation 
For recording the experiments on FR-II and FR-I.4 2.6 mg of each sample were 
used, while 10 mg of native and deacetylated EPS samples were used. Spectra were 
acquired at 25 °C for FR-II and at 70 °C for all the other samples. 13C-NMR spectrum 
was acquired on deAc-SMA-EPS at 70 °C.  
BV-EPS characterisation 
1H-NMR, COSY, TOCSY and HSQC experiments were performed at 25 °C. 
About 5 mg of deAc-BV-EPS were used, while only 1.9 mg of Smith-BV-EPS and 
1.2 mg of FR-B were available. 
ROS degraded cepacian analysis 
1H-NMR, COSY, TOCSY and HSQC experiments were performed on about 5 mg 
of each sample at 50 °C. 
BTS2 and BTS28 EPSs analysis 
Small quantities of EPS were obtained from bacteria cultured in biofilm growth 
conditions. About 2 mg of BTS2 and BTS28 EPSs were harvested from bacteria 
cultured on semipermeable membrane on agar plates (see pargraph 3.1.2). 1H-NMR 
spectra were collected at 50 °C. 
 
3.6 Mass spectrometry analysis  
 
ESI mass spectra were recorded on a Bruker Esquire 4000 ion trap mass 
spectrometer connected to a syringe pump for the injection of the samples. The 
instrument was calibrated using a tune mixture provided by Bruker. Samples were 
dissolved in 50% aqueous methanol – 11 mM NH4Ac at an appropriate concentration 
and injected at 180 L/h. Detection was always performed in the positive ion mode. 
MALDI mass spectra were recorded by Dr. D. Garozzo in the CNR laboratories in 
Catania, Italy. Spectra were recorded on permethylated samples dissolved in methanol 
and mixed in a 1 : 1 (v/v) ratio with the matrix solution (2,5-dihydroxybenzoic acid, 
DHB, in methanol 30 mg/mL). A volume of 1 μL of the final solution was then 
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deposited onto the MALDI plate and left to co-crystallize at RT. MALDI-MS analysis 
were recorded in positive linear mode using a Perseptive (Framingham, MA, USA) 
Voyager STR instrument equipped with delayed extraction technology. Ions formed 
by a pulsed UV laser beam (nitrogen laser, λ=337 nm) were accelerated through 24 
kV. 
The sample Cep-deAc-60 was dissolved in TFA 0.1% and MALDI spectra were 
performed using DHB 50 mg/mL in 0.1% TFA : acetonitrile 80 : 20 (v/v) as matrix 
solution. Reflectron MALDI MS and MS2 analysis were performed in negative 
polarity with a MALDI TOF/TOF instrument (4800 Proteomic Analyzer, Applied 
Biosystems). The system is equipped with Nd:Yag laser at a wavelength of 355 nm 
with <500 ps pulse and 200 Hz firing rate. Approximately 2,000 laser shots were 
accumulated for each spectrum in the MS experiments; 4,000 to 6,000 shots were 
summed for the MS2 data acquisitions. 
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4. CONCLUSIONS 
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4.1 Characterisation of the exopolysaccharide produced by Stenotrophomonas 
maltophilia  
 
Culturing on solid medium two different strains of S. maltophilia, isolated from 
two different CF patients in Toulouse (France) and in Rome (Italy), produced a single 
specific exopolysaccharide (SMA-EPS). 
Chemical and physicochemical studies led to the characterization of the primary 
structure of this EPS, by the definition of its repeating unit (RU) (figure 4.1).  
 
 
Fig. 4.1 – primary structure of the RU of SMA-EPS 
 
SMA-EPS is highly negatively charged, carrying four negative charges per RU, 
three from the uronic acids and one from the ether linked lactyl substituent. This 
characteristic make the charge density along the backbone similar to alginate, the 
well-known EPS produced by Pseudomonas aeruginosa and composed of guluronic 
acid and mannuronic acid. 
The production of anionic EPSs can be useful for bacteria (see paragraph 1.1) for 
different reasons such as  
i) favourable interactions with water,  
ii) interactions with positively charged (macro)molecules,  
iii) complexation with specific cations,  
iv) storing of nutrients.  
 
Negatively charged EPSs are known to be produced by several bacterial species, 
e.g. alginate by P. aeruginosa, cepacian and Gal-Kdo by Burkholderia cepacia 
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complex (Bcc) strains (see paragraph 1.5.2). In addition Inquilinus limosus, another 
pathogen of cystic fibrosis (CF) patients, produces two EPSs exhibiting all their sugar 
residues substituted with pyruvyl ketal groups (Herasimenka et al. 2007). 
The EPS produced by S. maltophilia fits very well in this trend and gives another 
evidence of the importance of the negative charges in bacterial EPS. 
 
4.2 Characterisation of the exopolysaccharide produced by Burkholderia 
vietnamiensis 
 
Many clinical and environmental isolates of Bcc bacteria were tested for EPS 
production in planktonic growth conditions. About 95% of the strains examined 
produced mainly one type of EPS, named cepacian (Cescutti et al. 2000). At the same 
time, it was shown that some clinical and environmental strains produced also other 
EPSs with different structures. 
The strain of B. vietnamiensis, LMG 10929, recovered from rice rhizosphere in 
Vietnam (Gillis et al. 1995) and investigated in this thesis, was found to produce 
cepacian and, beside it, a totally new EPS. This EPS was analyzed and the structure of 
the RU was partially defined. 
Sugar composition, glycosidic linkage positions and absolute configuration of the 
monosaccharides were investigated by chemical and spectroscopical methodologies. 
The sequence of the RU of BV-EPS was determined, leaving doubts only on the 
linkage site of the lateral chain of the branched Glc residue (figure 4.2). In addition, 
the position of acetyl groups has to be determined. 
 
 
Fig. 4.2 – proposed primary structure for deAc-BV-EPS 
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The amount of sugars in the lateral chain is equal to the number of sugars in the 
backbone, that means a highly branched EPS. Steric effects of frequent branches may 
confer rather high rigidity to the backbone by impeding some rotation freedoms 
around the glycosidic bonds due to unfavorable interactions between neighrest 
neighbor sugar residues. In addition, the presence specific chemical features on lateral 
chains might promote intermolecular interactions throughout hydrogen bond 
formation, making the formation of aggregates possible. Both chain rigidity and 
aggregation result in rather high solution viscosity, which was actually observed for 
BV-EPS although not quantified. 
It is also important to stress the presence of one uronic acid residue in the RU of 
BV-EPS. As already said, the presence of negative charges seems to be a typical 
feature for EPSs produced by pathogenic bacteria (see paragraphs 1.1 and 4.1). In this 
picture, beside cepacian and SMA-EPS, also this EPS fits very well, supporting the 
above mentioned hypothesis. 
 
4.3 Interaction between reactive oxygen species and cepacian 
 
To investigate the scavenging function of cepacian towards reactive oxygen 
species (ROS), a clinical strain of B. pyrrocinia, which is a good cepacian producer, 
was studied and compared with P. aeruginosa. Using killing experiments it was 
demonstrated that the EPS indeed has a protecting role towards NaClO action. 
Viscosity and size exclusion chromatography experiments were able to detect the 
rapid degradation of cepacian backbone thus indicating its role in ROS scavenging. In 
addition, mass spectrometry and NMR experiments permitted to assign defined 
structures to oligosaccharides obtained upon NaClO treatment (figure 4.3). These 
findings are in agreement with data reported for a rugose variant of Vibrio cholerae 
O1 El Tor, which showed a relation between EPS production and acquired chlorine 
resistance, compared to the smooth variant (Yildiz & Schoolnik, 1999). 
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Fig. 4.3 – proposed structures for oligosaccharides produced by NaClO degradation of cepacian 
 
One of the structural effect of NaClO action was cleavage of acetyl substituents 
from cepacian RU. This degradation affects the aggregation ability of cepacian chains 
thus contributing to increase the chemical susceptibility of cepacian to NaClO action, 
eventually producing very low molecular weight oligosaccharides. It might be 
interesting to investigate if these oligosaccharides have some biological role. In fact, 
preliminary experiments (data from our laboratory) on the complexation of alginate 
with antimicrobial peptides of the innate immune system showed that low molecular 
weight EPS species might have a greater complexation ability than the native high 
molecular mass polymer, thus better contributing to the inhibition of peptide activity. 
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4.4 Role of the exopolysaccharides from Burkholderia cepacia complex in the 
formation of biofilms 
 
The role of EPS in biofilm matrix of several bacterial strains was investigated. In 
particular BTS2, BTS28 and C1576 strains were tested. As mentioned, the interest of 
BTS28 is that it was collected from the same CF patient who hosted BTS2, after a few 
years of infection. 
The capacity of biofilm forming was first tested by a microtiter colorimetric assay, 
establishing that BTS2 is a good biofilm producer, while C1576 is not capable to 
produce biofilm in these growth conditions. BTS28 showed a significant decrease of 
this capacity respect to BTS2. 
Cultures of C1576 and BTS2 on semipermeable membrane placed on the surface 
of agar plates allowed to perform tests for quantification of polysaccharides and for 
proteins. It was interesting to find out that C1576 produces more EPS than BTS2, but 
BTS2 produces more proteins than C1576. In both cases the production of EPS and 
proteins was greater in biofilm growth conditions than in planktonic mode. Probably 
the proteins produced by BTS2 have a significant role for biofilm development.  
Apparently, C1576 showed a different mode of growth when cultured on 
membranes with respect to microtiter plate. This feature, together with the ability of 
C1576 strain to produce biofilm on a glass slide at the liquid-air interface, raises some 
questions about the methods used for the definition of a “biofilm forming” strain. The 
microtiter colorimetric assay is considered the golden standard for this definition, but 
it is clearly insufficient and perhaps barely comparable to the other biofilm growth 
conditions generally used.  
Similarly this consideration should also be taken in account when antibiotic 
therapies are tested on bacterial biofilms. The design of the experimental set up for 
killing assays should take in account the differences between the available growth 
conditions. 
 
The EPS produced by BTS2 and BTS28 in biofilm growth conditions was 
compared to the EPS produced by the same strain in non-biofilm growth conditions. 
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Interestingly, both strains produced cepacian and Gal-Kdo, but in significantly 
different proportions. The ratio between the two EPSs was different for biofilm and 
non-biofilm formations (table 4.1). 
 
Table 4.1 – percentage of cepacian and Gal-Kdo produced by BTS2 in two 
different growth conditions and by BTS28 in biofilm growth 
conditions 
 Cepacian (%) Gal-Kdo (%) 
BTS2 (biofilm) 88.6 11.4 
BTS2 (non biofilm) 76.4 23.6 
BTS28 81.5 18.5 
 
In conclusion, BTS2 isolate produced more cepacian when cultured in biofilm 
growth conditions. The same strain, isolated from the same patients several years 
later, decreased its ability to produce biofilm according to the microtiter colorimetric 
assay, but when cultured on membranes it produced less cepacian than BTS2. These 
evidences might give some clues on the role of this EPS, which is characteristic for 
Bcc bacteria, in the formation of biofilm matrix. In fact, they suggest that biofilm 
formation is important for the infection setting up, but it is less important for the 
infection maintenance. 
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